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TRANSPORT MECHANISMS OF 
PANCREATIC FLUID AND 
ENZYME SECRETION 
GEMMA KUIJPERS 

MET ANDERE WOORDEN... 
De pancreas, of de alvleesklier, is bij de mens gelegen achter en naast de 
maag. De klier is het meest bekend omdat hij het hormoon insuline maakt en 
aan het bloed afgeeft. Wanneer de insuline afgifte gestoord is, leidt dit 
tot suikerziekte, diabetes mellitus, een onvermogen om suiker in de cel op 
te nemen en er energie uit te halen. 
Met het deel van de pancreas dat insuline maakt (de eilandjes van Langer-
hans), heb ik mij in dit onderzoek niet beziggehouden. Wel met het deel dat 
spijsverteringsenzymen maakt. Deze enzymen worden, opgelost in het pancreas-
sap, aan de darm afgegeven. Die enzymen zijn onmisbaar omdat ze het voedsel 
in de darm afbreken, zodat het door de darm kan worden opgenomen. 
Het pancreassap bevat naast enzymen voornamelijk water en zouten. Het 
heeft een hoog bicarbonaatgehalte en daardoor een lage zuurgraad. Door dat 
hoge bicarbonaatgehalte neutraliseert het pancreassap het maagzuur, dat sa-
men met het voedsel ook in de darm terecht komt. Dit is nodig omdat de en-
zymen in een zuur milieu niet goed kunnen werken. Behalve bicarbonaat bevat 
het pancreassap veel natrium, chloride en een beetje kalium. 
De cellen in de pancreas zijn zodanig aan elkaar gekoppeld, dat ze aan de 
ene kant in contact staan met het bloed en hieruit voedingsstoffen kunnen op-
nemen, en aan de andere kant grenzen aan kleine afvoerbuisjes, waarin ze zou-
ten, water en enzymen kunnen afscheiden. Sommige cellen zijn gespecialiseerd 
om enzymen af te scheiden, anderen om zouten en water, ofwel vloeistof, af te 
geven. 
Het gerichte transport van zouten vanuit de bloedvloeistof naar de afvoerbuis-
jes door de pancreascellen is mogelijk via: 
A. een actief transportproces waarbij zout-ionen selpctief door de cel worden 
opgenomen en afgescheiden (cellulair transport). 
B. een passief transportproces waarbij de zouten als het ware door het weefsel 
heen lekken. 
Schematisch ziet dat er zo uit: 
/ V 
ce l 
/ 
cel-
verbinding 
De tweede vorm van transport (В) kan plaatsvinden via een extracellulaire 
of 'paracellulaire' transportroute. Dit betekent dat er stoffen door de ver­
bindingen tussen de cellen heen gaan en dus het inwendige van de cel omzeilen. 
De celverbindingen heten 'tight junctions'. Ze laten sommige stoffen wel en 
andere stoffen niet gemakkelijk door. 
Het eerste deel van dit proefschrift gaat over het cellulaire transport van 
bicarbonaat door de vloeistofsecreterende cel. Het blijkt dat dit transport 
in de konijnepancreas bepalend is voor de gehele vloeistofsecretie. 
In dit onderdeel beschrijven we ook welke verbanden er bestaan tussen het 
transport van bicarbonaat en dat van chloride en natrium en kalium. 
Een ander deel van dit proefschrift gaat over de eigenschappen en de localisa-
tie van de paracellulaire transportroute. Deze route is onder normale omstan­
digheden toegankelijk voor kleine ionen zoals natrium en kalium, maar als de 
pancreas geprikkeld wordt, bijvoorbeeld na het eten van een maaltijd, kan hij 
ook doorlaatbaar worden voor grotere ionen en moleculen. We hebben gevonden 
dat de verbindingen tussen de enzymsecreterende cellen in rust min of meer ge­
sloten zijn en bij prikkeling van het orgaan opengaan. Dit opengaan kan tot 
gevolg hebben dat de pancreas met een hogere snelheid gaat secreteren, en ook 
dat er andere, grotere moleculen in het pancreassap terecht komen. 
Het laatste deel van dit proefschrift beschrijft hoe we met een electronenmi-
croscopische techniek kunnen bepalen, hoeveel en waar bepaalde zouten in de 
pancreascel zitten. Zodoende kunnen we informatie krijgen over de aard van de 
transportprocessen, die deze zouten de cel in of uit brengen, en ook over hun 
reactie op bijvoorbeeld stimulering van het orgaan. 
In ons onderzoek hebben we verschillende aspecten van de pancreasfunctie beke­
ken. Om meer te weten te komen over een bepaald transportmechanisme in de pan­
creas, zouden we op nog kleinere schaal kunnen kijken hoe zo'n transport - op 
moleculair niveau - in zijn werk gaat. We kunnen ook op grotere schaal kijken 
hoe het functioneren van de pancreas in verband staat met andere organen of 
het hele organisme. Dit onderzoek is onder andere belangrijk, omdat bepaalde 
pancreasaandoeningen zoals pancreatitis (ontsteking van de pancreas) en muco-
viscoïdose ('cystic fibrosis') nog vrijwel onopgehelderd zijn. 
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INTRODUCTION 
CHAPTER I 

Chapter I 
1.1 Struature and function of exocrine pancréas 
The pancreas is a highly specialized gland in the digestive tract and serv-
es a very important role in the homeostasis of the organism. The exocrine 
part, comprising about 94% of the tissue (Bolender, 1974), is concerned with 
the secretion of an alkaline, bicarbonate-rich fluid containing a variety 
of digestive enzymes into the duodenum. The endocrine part accounts for 
only 27, of the tissue volume and one of its functions is the regulation 
of the cellular glucose metabolism and the blood glucose level via the se-
cretion of the hormones insulin and glucagon. 
In the exocrine pancreas, the pyramidal-shaped acinar cells comprise the 
largest part (ca 95%) of the glandular volume. The acinar cell is respons-
ible for the synthesis, storage and secretion of the digestive enzymes. 
The secretory product is released through exocytosis of the zymogen gran-
ules through the apical membrane of the acinar cell. The exocrine pancreas 
is organized in an anastomosing tubular arrangement (Boekman, 1980) , and 
the acinar cells from clusters, or acini, around the blind-ending ductules. 
The acinus also contains between the acinar cells some cells with a com-
pletely different morphology, the centroacinar cells (Ekholm et al, 1962). 
The centroacinar cells are morphologically and functionally similar to the 
ductular cells, which border the lumen of the highly branched ducts into 
which the acinar ductuli open. The various types of ducts are distinguish-
ed as the intercalary ducts, the intralobular ducts and finally the main 
duct which ends in the duodenum. Centroacinar and duct cells are respons-
ible for the secretion of a bicarbonate-rich fluid. 
The acinar cells are characterized by a highly developed endoplasmic 
reticulum and Golgi apparatus and a large number of zymogen granules loc-
ated at the apical side of the cell. The centroacinar and duct cells are 
smaller and contain a relatively large nucleus, few mitochondria and a 
poorly developed endoplasmic reticulum and Golgi complex. Acinar, centro-
acinar and duct cells are linked together by junctional complexes which 
surround the apical part of the cells in a belt-like fashion. In the junc-
tional complex, the zonula occludens or tight junction functions as an im-
portant barrier for the paracellular movement of substances between blood 
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supply and lumen. 
The properties of the pancreatic tissue, considered as an epithelial 
tissue, will be discussed in a later section of this chapter (section 1.4). 
1.2 Neural ani homonal regulation of panareatia secretion 
The secretion of the exocrine pancreas is controlled at different levels 
and in different phases after the ingestion of food. In the cephalic 
phase, upon ingestion of food, neural stimulation of secretion occurs. 
The gastric and intestinal phases are associated with both neural and 
hormonal mechanisms (Harper, 1972). Although the precise nature of the 
regulatory mechanism in the different phases of digestion is still in-
completely defined, various hormones and neurotransmitters have been i-
dentified as influencing rate and composition of the pancreatic secretion. 
The classical polypeptide hormones secretin and cholecystokinin-pan-
creozymin (CCK-Pz) are well-known, powerful stimulants of fluid and enzyme 
secretion (Schulz et al, 1969; Jansen and Lamers, 1983). In addition, the 
cholinergic, vagal nerve fibers of the parasympathetic nervous system, and 
the adrenergic and cholinergic splanchnic nerve fibers of the sympathetic 
system innervate the pancreas directly, or indirectly via intrapancreatic 
ganglia. Acetylcholine, released upon vagal stimulation, is a potent stim-
ulant of enzyme secretion, while splanchnic nerve stimulation has been 
suggested to exert both excitatory and inhibitory effects on pancreatic 
secretion. 
Recently, a function in the control of secretion has been ascribed to 
a system of peptidergic nerves (Hoist et al, 1961), paracrine cells and 
endocrine-exocrine interactions between islets and acini (Hendersonet al, 
(1981). Various nerves containing different peptidergic transmitters, in-
cluding vasoactive intestinal polypeptide (VIP), gastrin releasing poly-
peptide or mammalian bombesin (GRP) and CCK-Pz have been demonstrated in 
the pancreas (Rehfeld et al, 1980; Holst et al, 1982). The VIP-and GRP-
releasing nerves are excited by vagal stimulation and stimulate the se-
cretion of fluid and enzymes in the pig pancreas (Hoist et al, 1982). 
More recently, an adrenergic stimulatory component of rat pancreatic en-
zyme secretion has been identified (Lingard and Young, 1983), which is 
mediated by ßj-type adrenergic receptors and utilizes CAMP as an intra-
cellular second messenger (Pearson et al, 1984). Moreover, somatostatin, 
dopamine, pancreatic polypeptide and motil in may all have regulatory 
14 
functions in pancreatic secretion (Singh and Webster, 1978). 
It has been shown in our laboratory that the hormone CCK-Fz and the 
cholinergic transmitter acetylcholine, apart from their action on enzyme 
secretion, also give rise to an increased paracellular permeation of both 
charged and uncharged substances (Schreurs et al, 1975; Jansen et al, 1979, 
1980)Ь. This increase in paracellular permeability has also been observed 
upon aarenergic stimulation of the salivary glands (Martin, 1964; 
Juncqueira et al, 1965; Parsons et al, 1977; Mazariegos et al, 1984). 
This phenomenon is hitherto unexplained, but it may have a regulatory role. 
1.3 Cellulcœ eventa -in рапагеаіга eecretion 
In the regulation of secretion by hormones and neurotransmitters, binding 
of the ligand to a specific receptor on the target cell is the initial 
step in the stimulus-secretion coupling process. The next step is the 
transduction of the signal via a second messenger to the effector system 
that elicits the cellular response gives an indication of the actual role 
and effectiveness of the receptor system. The existence of specific recep­
tors for acetylcholine response. The relationship between the kinetics of hor­
mone binding and the biological response gives an indication of the actual role 
and effectiveness of the receptor system. The existence of acinar cells of the 
rat pancreas (Larose et al, 1981 ; Sankaranet al, 1980,1981), and also the VIP, 
secretin, bombesin and substance Ρ in the acinar cells of the guinea pig pancre­
as (Jensen et al, 1980; Christophe et al, 1976; Jensen et al, 1978; Jensen and 
Gardner, 1979) has been shown by means of radiolabeled ligands on analogs. Chol­
inergic agonists and CCK-Pz appear to interact with two classes of receptors, one 
having a high and one having a low affinity (Sankaran et al, 1980; Larose et al, 
1981 ; Sankaran étal, 1982). The two classes of receptors may be responsible for 
different biological responses (Sankaran et αΖ,1980; Collins et al, 1981). 
Enzyme secretion 
It is now generally assumed that the enzyme secretion response of the 
acinar cell to cholinergic agonists, and peptides of the CCK-Pz, bombesin 
and substance Ρ family is mediated by a release of Ca 2 + from an intracel­
lular store (Schulz and Stolze, 1980; Williams, 1980). A relation between 
the intracellular Ca 2 + concentration and enzyme secretion has recently been 
observed using Ca2+-sensitive microelectrodes (O'Doherty and Stark, 1982) 
and the Ca2+-selective fluorescent indicator Quin-2 (Ochs et al, 1983). 
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Cyclic AMP may also function as a second messenger in the enzyme secretion 
process. Secretin, VIP and cholera toxin lead to an increase of the cAMP 
level in the acinar cells of most species (Deschodt-Lanckman et al, 1975; 
Gardner and Rottman, 1979; de Pont et al, 1979). This increase is accompan-
ied by an increased enzyme secretion in some but not all species (Kempen et 
dl, 1977; Robberecht et al, 1977; Pan et al, 1982). The role of cAMP in en-
zyme secretion is thus complex and appears to be dependent on the species 
investigated. In those species where cAMP alone is not sufficient to bring 
about enzyme secretion (rat and rabbit), it may at least potentiate the 
action of the secretagogues that mobilize intracellular Ca2+ (Deschodt-
Lanckman, 1975; Pan et al, 1982; Willems et al, 1984). 
Changes in phospholipid metabolism, such as the breakdown of phosphatid-
yl inositol and its phosphorylated forms, is also likely to play a second 
messenger role in the secretion process (Laychock et al, 1982). Recent in-
vestigations suggest that a specific interplay between Ca2+ and 
phospholipid metabolism may be the actual signal transducing mechanism in 
enzyme secretion (Berridge, 1984). 
fluid secretion 
In all species, the peptide hormone secretin is assumed to act on duc-
tular cells to increase the secretion of a bicarbonate-rich fluid via the 
second messenger cAMP (Fölsch and Creutzfeldt, 1975; Schulz, 1981). VIP is 
also thought to interact with ductular cells in a similar way as secretin, 
and it increases fluid and bicarbonate secretion in the pig (Hoist et al, 
1982). Cholera toxin, which activates the adenylate cyclase system, also 
mediates fluid secretion in a secretin-like fashion (Kempen et al, 1975; 
Smith and Case, 1975). 
However, in dog, rat and mouse the fluid secretion can also be stimu-
lated by cholinergic agonists and CCK-Pz-like peptides (Debas and Grossmann, 
1973; Sewell and Young, 1975; Mangos et al, 1973). The action of these sec-
retagogues is strongly dependent on extracellular Ca2 (Kanno and Yamamoto, 
1977; Petersen and Ueda, 1976), but it is not dependent on the extracellu-
lar bicarbonate level (Petersen and Ueda, 1977). The fluid secreted in 
response to these agonists is rich in chloride and is thought to be deriv-
ed from the acinar cells. In the rabbit, the existence of an acinar fluid 
secretion component has been postulated (Bonting et al, 1980a) although di-
rect evidence for such a mechanism is lacking. 
In carnivores, such as the cat, no unstimulated or basal fluid secretion 
is observed. The secretion, which is usually studied, is secretin-stimulat-
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ed secretion mainly derived from small extralobular ducts (Schulz, 1961). 
However, in the rabbit there is a fairly high rate of unstimulated bicarb­
onate-rich fluid secretion, especially in the isolated and bathed prepara­
tion in which the secretion rate is even higher than in vivo. In addition, 
the rabbit pancreas, especially the in vitro preparation, is only slightly 
stimulated by secretin (Rothman and Brooks, 1965a; Ridderstap, 1969; Saito, 
1984; Caflisch etal, 1980). This basal secretion has been the subject of sever­
al studies in our laboratory (Ridderstap and Bon ting, 1969b; Schreurs et al, 
1975; Bont ing etal, 1980) as well as by other groups (Rothman and Brooks, 1965a, 
Swanson and Solomon, 1973,1975). It appears to be the result of either intrinsic 
automaticity of the gland, or low levels of neuronal activity (Singh et al, 1978) 
or the elimination of inhibitory reflexes in the in vitro preparation. 
The results of micropuncture studies suggest that the primary fluid se­
cretion in the rabbit pancreas originates from centroacinar or ductular 
cells in the acinar region, while the secretin-stimulated secretion arises 
from the entire duct system (Schulz, 1981). The bicarbonate and chloride 
concentrations of the secreted fluid may re-equilibrate towards plasma 
values due to а С1~-НС0з~ exchange system in the larger ducts of the in 
vitro rabbit pancreas and the perfused cat pancreas (Case and Scratcherd, 
1970; Swanson and Solomon, 1973). However, this exchange is unlikely to 
exist in the in vivo rabbit pancreas preparation (Caflisch et al, 1980). 
Another important aspect of fluid secretion is paracellular transport 
of ions and molecules. Paracellular permeability is greatly increased by 
acetylcholine and CCK-Pz. 
The increase of the paracellular permeability upon stimulation probably 
occurs at the tight junctional level. Although the nature of the intra­
cellular second messengers involved in this process are presently unknown, 
both intra- and extracellular Ca2 and cAMP have been suggested to play a 
role in determining the paracellular permeability (Meldolesi et al, 1978; 
Jacobson, 1979; Duffey et al, 1981). 
1.4 The рапогеав ав a transporting epithelium 
The pancreas can be regarded as an epithelium, separating the interstitial 
fluid on one side and the pancreatic secretory lumen on the other side. 
The epithelial barrier consists of the two cellular membranes, the baso-
lateral and the apical membrane, and the tight junction in parallel with 
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these two membranes. Transport through the epithelium may proceed via 
primary or secondary active transport through the cell membranes, via 
passive transport through the cellular membrane or the tight junction, 
or via transport in specialized organelles through the cellular compart-
ment (exocytosis, pinocytosis). 
In most fluid absorbing and secreting epithelia such as the gallblad-
der, the kidney tubules, the intestine and the salivary glands, fluid 
transport is ultimately the result of the active transport of one or more 
ion species by a transport ATPase or carriers located in the cell membrane. 
In various epithelia the Na+ gradient, actively established by the Na+-K+-
ATPase system serves as the driving force for specific co-transport car-
riers, moving Na+ into the cell and the co-transported ion e.g. CI-, 
HCOj" or H+ either into or out of the cell (Case, 1980). 
The actual composition of the reabsorbed or secreted fluid, its rate 
of secretion and the transepithelial electrical potential are strongly 
dependent on the permeability properties of the membranes and the paracel-
lular pathway, viz. the tight junctions. 
In tight epithelia, the tight junction offers a high resistance pathway 
to ions, and these epithelia are characterized by a high transepithelial 
potential. In leaky epithelia, the junctions have a low electrical resis-
tance and high hydraulic conductivity resulting in a low transepithelial 
potential and isotonic fluid transport (Frömter and Diamond, 1972). The 
number of tight junctional strands, seen in freeze-fracture replicas, 
has been suggested to be positively correlated with the tightness of an 
epithelium (Claude and Goodenough, 1973). 
The paracellular pathway appears to be the route for transepithelial 
transport of water and small nonelectrolyte (Frömter and Diamond, 1972). 
In the rabbit gallbladder, two different types of paracellular pathways 
have been postulated: , 
i) aqueous channels that account for cation and small polar solute per-
meation (r = 0.4 nm), and 
ii) aqueous channels (r =• 4 nm) that account for a limited permeability 
of larger polar nonelectrolytes (van 0s et al, 1974; Moreno and Diamond, 
1975; Steward, 1982). 
As judged by the criteria of Frömter and Diamond (1972), the pancreas is 
a leaky epithelium and is partly permeable to large molecules such as su-
crose and mannitol (Dewhurst et al, 1978; Jansen et al, 1979). As a matter 
of fact, the rabbit pancreas epithelium appears to be one of the most 
leaky of all epithelia (Jansen et al, 1979). 
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In order to determine the transport properties of an epithelium, it is 
necessary to elucidate those of the opposing membranes. However, separa­
tion of individual membranes is impeded by great practical difficulties, 
although successful attempts have recently been made (Mircheff et al, 
19Θ3). Usually, a black box approach is adopted, where the intracellular 
electrochemical potentials for the various transported ion species are un­
known. Fluid transport may then be described as the movement of ions ac­
cording to the Nemst-Planck flux equation or according to the thermody­
namics of irreversible processes. Water transport is commonly assumed to 
be coupled osmotically to solute transport, although it has been argued 
that fluid transport is due to a mechanical transport process involving 
elements of a tubulocisternal endoplasmic reticulum (Eldrup et al, 1982). 
2.5 Transport meohanisma in ductular secretion 
The most striking characteristic of the pancreatic juice is its high HCO3-
concentration. The [Na++ K+]-concentration is normally about equal to the 
[H.CO3-+ CI-]-concentration. Various studies indicate that the bicarbonate 
ion is actively transported be the ductular cells and that its secretion 
is dependent on the Na+-K+-ATPase system (Schulz and Ullrich, 1978). 
The investigation of the intracellular processes involved in ductular 
fluid secretion has been hampered by the inaccessability of the small duc­
tules and the secretory endpieces, and the difficulty to separate the few 
small ductular cells from the majority of acinar cells. Moreover, separa­
tion of ductular cells disrupts the epithelial structure and thus makes it 
impossible to measure the fluid secretion by these cells. 
However, considerable information has been obtained from micropuncture, 
microelectrode and tracer studies, and from studies of isolated ductular cells 
on ion and pH profiles along the duct system, on electrical potential dif­
ferences and ion permeabilities across the ducts and the duct cells, and 
on intracellular pH (Reber and Wolf, 1968; Schulz et al, 1969; Way and 
Diamond, 1970; Mangos and McSherry, 1971; Swanson and Solomon, 1973); 
Greenwell, 1975; Schulz, 1980). 
The role of bicarbonate in fluid secretion has been studied by varying 
the bicarbonate and CO2 concentration and the pH of the medium as well as 
by replacing bicarbonate by other weak organic acids. It has thus been con­
cluded that the ductular fluid secretion involves a Na+-dependent extrusion 
of protons across the basolateral cell membrane. This leaves bicarbonate or 
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a substituting weak acid anion in the cell, which is then transported across the 
apical membrane to the lumen (Schulz et al, 1971 ; Swanson and Solomon, 1975; 
Schulz, 1981). The Na+-H+ exchange carrier is thought to be driven by a 
favourable Na -gradient established by the Na+-K+-ATPase, which is also 
located in the basolateral membrane (Bundgaard et al, 1981). However, due 
to our lack of knowledge about intracellular pH and ion concentrations and 
about the anion permeabilities of the apical and basolateral membrane, no 
definite conclusions about the location and energy requirement of the pos­
tulated Na+-H+ exchange system can be drawn from the available data 
(Schulz, 1981; Scratcherd et al, 1981). 
A requirement for chloride in fluid secretion has been established in 
the perfused cat pancreas and isolated rabbit pancreas (Rothman and Brooks, 
1965b; Case et al, 1979). The secretion of chloride is generally assumed 
to be passive (Schulz, 1981; Scratcherd et al, 1981). In addition, it has 
been suggested that chloride may in some way facilitate the ductular bi­
carbonate transport process, possibly via С1--НС0з_ exchange (Case et al, 
1979). 
The fact that the Na+ and K+ concentrations in the secreted fluid are 
always about equal to those in the blood or medium, also suggests a passive 
secretion of these monovalent cations. Evidence suggesting that Na+ and K + 
move through the paracellular pathway has been presented (Bonting et al, 
1980a). However, data on the transepithelial electrochemical gradients for 
these cations at the site of secretion are needed for a definitive conclu­
sion. 
1.6 Transport meahanisms in acinar eearetion 
In the acinar cell, ion transport processes appear to have a role in both 
enzyme and fluid secretion. The Ca2 -fluxes are related to enzyme secretion, 
while the monovalent ion fluxes may be important in the acinar fluid secre­
tion. Upon stimulation of acinar cells by ACh or CCK-Pz, stimulants that 
act via on increase in intracellular Ca 2 +, a depolarization of the mem­
brane occurs as the result of an increased membrane permeability for Na+, 
Cl~ and K + (Petersen, 1982). Thus, stimulation appears to result in an in­
flux of Na+ and Cl~ and an efflux of K+ through a Ca2+-activated nonselec­
tive cation channel (Petersen and Maruyama, 1984). This would lead to an 
increased intracellular Na+ and CI - activity (O'Doherty and Stark, 1982, 
1983; Nakagaki et al, 1984). 
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Recently, it has been suggested that there also exists a furosemide-sensi-
tive electroneutral Na+/K+/Cl_ translocation mechanism (Singh, 1984). Out­
ward transport via this cotransport system is increased upon stimulation, 
probably due to the increased intracellular Na + and CI - concentration 
(Singh, 1984). 
1.7 Aim of thie study 
Extensive investigations in our laboratory have shown that stimulation of 
pancreatic enzyme secretion also leads to an increase in the paracellular 
permeability for Ca , Mg + and small non-charged molecules such as su­
crose, mannitol and inulin (Schreurs et dl, 1975; Jansen et al, 1979). 
In addition, studies of the Na + dependence of fluid secretion (Bontinget al, 
1980a) suggest that a cotransport of Na+ and CI- as well as a countertransport 
of Na + and H + would be involved in the fluid secretion by the rabbit pancreas. 
However, the cellular and subcellular location and the precise nature of the 
transport mechanisms is largely unknown. In Chapters II-VI studies of the cel­
lular components of the basal fluid secretion process of the isolated rabbit pan­
creas are described. First, the role of the anions bicarbonate and chloride in 
the fluid secretion process has been investigated in detail (Chapter Ц ) In this 
study, it appears that the NaCl secretion by the acinar cells has only a minor 
role, if any at all, in the fluid secretion by the rabbit pancreas. In the light of 
these findings an attempt has been made to identify the carriers involved in the 
ductular fluid secretion process (Chapter III). 
Next, some aspects of the paracellular transport route are considered 
(Chapter IV-VI). The location and characteristics of the paracellular path­
way have been studied by means of histochemical and freeze-fracture meth­
ods (Chapter IV). In addition, the nature of the receptors involved in the 
stimulated paracellular nonelectrolyte permeation has been studied with the 
CCK-Pz antagonist dibutyryl cQlP (Chapter V). 
In the last chapter on fluid secretion (Chapter VI), evidence is pre­
sented that the paracellular cation permeability may, under certain con­
ditions, be a rate limiting factor in fluid secretion. 
In Chapter III, the inhibitory drugs amiloride and ouabain are found 
to have some unexpected effects on the enzyme secretion by the isolated 
rabbit pancreas. These effects are further investigated in rabbit pancreat­
ic fragments, and they are reported in Chapters VII and VIII. 
Chapters IX and X are concerned with the use of electron probe X-ray mi-
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croanalysis in the study of the intracellular ion composition. In Chapter 
IX, the artifacts that can be introduced in X-ray microanalysis by the 
use of the osmotically active cryoprotectant dextran are discussed. In 
Chapter X, data on the intracellular Na+, K+, Cl_ and Ca2+ concentrations 
in pancreatic acinar cells are presented obtained by the X-ray microana-
lysis of freeze-dried plastic-enbedded tissue sections. 
Finally, the results presented in the preceding chapters are summarized 
and discussed in Chapter XI. 
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ΑΝΙΟΝ SECRETION BY THE ISOLATED 
RABBIT PANCREAS 
CHAPTER II 

Chapter II 
ANION SECKEJION BY THE ISOLATEV RABBIT PANCREAS 
2.1 SUffi'ARY 
The isolated rabbit pancreas secretes a fluid containing chloride and bi­
carbonate in about equal concentrations. Replacement of bicarbonate by 
acetate, phosphate or isethionate, replacement of Na+ by Li + and addition 
of ouabain to the bathing medium of the pancreas inhibit the secretion of 
fluid, chloride and bicarbonate in a similar fashion and by maximally 100%. 
Replacement of chloride by isethionate inhibits fluid secretion by maximal­
ly 50%, chloride secretion by 90% and bicarbonate secretion by 20%. 
It is concluded that fluid secretion is based on a Na+-gradient-depen-
dent bicarbonate influx or proton efflux in the ductular cell, and that 
the secretion of chloride is secondary to that of bicarbonate. 
2.2 INTRODUCTION 
The pancreas secretes an isotonic fluid containing water, electrolytes and 
enzymes. In all species the ductular cells secrete a bicarbonate-rich se­
cretory fluid, which process is stimulated by the polypeptide hormone se­
cretin. In some species, e.g. the rat, there is an additional secretion of 
a chloride-rich secretory fluid by the acinar cells, which process is stim­
ulated by cholecystokinin-pancreozymin and acetylcholine (Sewell and Young, 
1975; Petersen and Ueda, 1977). In other species, like cat and dog, the a-
cinar cells apparently do not contribute to the fluid secretion process 
(Schulz, 1969). 
In the main pancreatic duct a chloride-bicarbonate exchange mechanism 
appears to be present, which leads to a decrease of the bicarbonate con­
centration and to an increase of the chloride concentration at decreasing 
secretory rate (Schulz et al, 1969; Swanson and Solomon, 1972; Case and 
Scratcherd, 1970). The composition of the secretory fluid at high secretory 
rates seems to reflect the contribution of both cell types to the secretion 
process. In the cat the bicarbonate concentration may go up to 140 шМ (Case 
et al, 1969), in the rat only to 80 mM (Sewell and Young, 1975). 
The isolated rabbit pancreas spontaneously secretes a fluid with a bi­
carbonate concentration of 70-90 mM. The rate of fluid secretion is not 
25 
stimulated by cholecystokinin-pancreozymin and acetylcholine and is only 
slightly stimulated by secretin (Ridderstap, 1969). Previous studies in our 
laboratory have investigated the role of sodium in this process by applica-
tion of ouabain (Ridderstap, 1969), replacement of sodium (Bonting et al, 
1980a) and hyperosmotic addition of sodium chloride (Bonting et at, 1980b). 
From the findings of these studies and the fact that the ( Na++K+)-ATPase 
is localized in the basolateral plasma membrane of both cell types 
(Bundgaard et al, 1981), it has been concluded that fluid and electrolyte 
secretion is driven in a rate-limiting fashion by the (Na++K+)-ATPase sys-
tem, via the establishment of a Na+-gradient. This gradient would lead by 
means of a Na+-anion co-transport or counter-transport mechanism to the ac-
cumulation of anions in both cell types. The anions, bicarbonate in the duc-
tular cell and chloride in the acinar cell, would then passively leave the 
cells through the apical plasma membrane with the parallel movement of Na+ 
and K+ through a paracellular route. The low maximal bicarbonate concentra-
tion in the secretory fluid of the rabbit pancreas was thought to indicate 
that both ductular and acinar cells would contribute to the secretory proc-
ess (Bonting et al, 1980a). 
In order to test this model we have studied the effects of anion re-
placements on the rate of fluid secretion and the anion composition of the 
secretory fluid. The findings reported in this chapter suggest that despite 
the low maximal bicarbonate concentration in the rabbit pancreas the entire 
fluid secretion originates from one cell type, presumably the ductular cell. 
2. 3 METHODS 
2.3.1 Preparation of the pancreas 
Male and female New Zealand white rabbits of 3-4 kg are used. The animals 
are killed by a blow on the neck, immediately followed by carotic exsangui-
nation. The pancreas is prepared essentially as described by Rothman (1964) 
and modified by Schreurs et al (1975) and Jansen et al (1979). 
The pancreas of the rabbit is located in the mesentery of the first in-
testinal loop and is removed from the animal including the parts of the 
duodenum, the rectum, the stomach and the spleen which are attached to the 
mesentery. The open ends of the intestine are ligated and the preparation 
is mounted on a Polyvinylchloride frame by tying the intestine, the stomach 
and the spleen on to the frame. The main pancreatic duct is then cannulated 
close to its junction with the duodenum by means of polyethylene tubing 
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(ID 0 S mm, OD 1 mm). The preparation is placed in a thermos tatted glass 
chamber (18,5 χ 12 χ 2 cm) containing 350 ml of bathing medium, and the se­
creted fluid is collected. 
2.3.2 Incubation of the pancreas 
The isolated pancreas is preincubated for 1 hour in a balanced Krebs-
Ringer bicarbonate medium in order to reach a steady state condition. The 
composition of the normal Krebs-Ringer bicarbonate (KRB) medium is (in 
mmol/l): NaCl 119, KCl 3.7, СаСІг 2.5, MgCl2 1.2, НаНСОз 25, K^POi, 1.2, 
glucose 5.5. The pH of the solution is adjusted to 7.4 with HCl. The me­
dium is maintained at 37 0C and is continuously gassed with carbogene 
(95% O2, 5Z C0 2). 
After the preincubation the medium is replaced by fresh KRB medium and 
the experiment is started. The secreted fluid is collected in 10 min frac­
tions in preweighed plastic tubes. The fractions, in which the bicarbonate 
concentration is to be measured, are collected under paraffin oil. From 
each fraction aliquote are taken for the appropriate assays. 
The bicarbonate and chloride replacement studies are carried out as 
follows: after 1 h of incubation in the normal medium (control period), 
the medium is replaced by a low bicarbonate medium in which КаНСОз is 
partly or wholly replaced by equimolar concentrations of Na-acetate, -phos­
phate or -isethionate, or by a low chloride medium in which NaCl is re­
placed partly or wholly by Na-isethionate and KCl, MgCl2 and СаСІг by 
their sulphates. The low bicarbonate media are brought at pH 7.4 by gas­
sing with an appropriate mixture of carbogene and O2, the ratio of the 
mixture being determined emprically. The media without bicarbonate are 
gassed with 100% O2. The pH of the medium is continuously recorded and, 
when necessary, adjusted to pH 7.4 by titration with NaOH or HCl. The a-
mounts of sodium and chloride thus added are too small to cause a measur­
able change in the sodium or chloride concentration. 
In the sodium replacement studies, the normal medium is replaced by 
a low Na+-KRB medium with NaCl partly replaced by equimolar concentrations 
of LiCl. 
The experiments generally comprise a control period of 60 min followed by 
two experimental periods of 60-90 min, and sometimes an additional 60-min 
control period. In the experimental period a replacement anion or inhibi­
tor is added in increasing concentration. A sample of the bathing medium 
is taken every 30 minutes for determination of the ion concentrations. The 
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secretory rate and the composition of the secreted fluid reach a steady 
level within 30-60 min. For calculations the mean values are taken of the 
final 30 min of the control period and of each experimental period. 
2.3.3 Assay methods 
The volume of the secreted fluid fractions is determined by weighing on 
a fully automatic Mettler electronic balance, assuming the density of the 
fluid to be 1.0. 
Na+ and K+ concentrations are measured by flame photometry in an Eppen-
dorf flame photometer. Samples of 10 or 15 μΐ bathing medium or pancreatic 
fluid are diluted with distilled water to 3 ml. Standard solutions con­
taining NaCl and KCl in the same concentration range are used for calibra­
tion curves, which are virtually linear. 
Chloride is determined coulometrically. A 5 or 7.5 μΐ sample of bathing 
medium or secreted fluid is diluted with 3.5 ml dilution medium containing 
10% acetic acid and 0.1 M nitric acid. Three drops of gela­
tin indicator solution are added and the chloride content of the sample is 
measured by titration in an Aminco-Cotlove chloride titrator. Standards and 
blanks are titrated prior to the samples. The chloride concentration of the 
samples is calculated from the titration time after correction for the 
blank. 
The bicarbonate concentration of the fluid fractions collected under oil 
is determined by measuring the total CO2 content in a Natelson microgaso-
meter. A 10 or 20 yl sample is mixed with an equal volume of lactic acid to 
liberate all CO2 from the sample. The CO2 is then absorbed by NaOH and the 
CO2 content of the sample is calculated from the difference in pressure be­
fore and after C02-absorption. In the experiments with ouabain and in the 
Na+-replacement experiments, the bicarbonate concentration in the secreted 
fluid is calculated as the difference between the (Na++K+)-concentration 
and the chloride concentration. 
The acetate or isethionate concentrations of the secreted fluid frac­
tions from the experiments, where bicarbonate is replaced by these anions, 
are estimated as the difference between the (Na++K+)-concentration and the 
(Cl~+HC03~)-concentrationof the fractions. 
The phosphate concentration in the secreted fluid, where bicarbonate in 
the medium has been replaced by phosphate, is measured by the method of 
Fiske-Subbarow (Fiske and Subbarow, 1925). 
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2.4 RESULTS 
2.4.1 Replacement of bicarbonate 
In normal Krebs-Ringer bicarbonate medium, the secretory rate of the 
isolated rabbit pancreas remains constant for about 6 hrs after isolation. 
The CI" concentration in the secreted fluid is 72 шМ (SEM 1.3, n-66) and 
the HCO3- concentration is 82 nM (SEM 1.9, n=19). The Na+- and ^ -concen­
trations are about equal to those in the bathing medium and their sum is 
not significantly different from the sum of CI - and НСОз". 
When HCO3- in the bathing medium is completely replaced by acetate, 
phosphate or isethionate, the fluid secretion rate is reduced by 43, 69 
or 85Z, respectively (Table I), while the НСОз" concentration in the se­
creted fluid decreases and the CI - concentration increases (Fig. 1). 
time(h) 
Fig. 1 Effect of replacement of bicarbonate by phosphate on the rate of 
fluid secretion (-·-) and on the concentrations of HCO3- (T), Cl-
(n) and phosphate (Δ) in the secreted fluid of the isolated rabbit pan­
creas. 
Acetate, estmated as the difference between the sum of the cation concentrations 
(Na+ + K.+ ) and the anions concentrations (CI" + НСОз") appears in the secreted 
fluid in a lower concentration (33 mM) than HCO3" in the control period (82 mM) . 
Isethionate hardly appears in the secreted fluid (calculated value: 2.9 mM, SEM 
2.8, η = 6). The measured phosphate concentration in the secreted fluid in the 
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Table I EFFECTS OF REPLACEMENT OF ECO f , CV OR Na+ AND OF OUABAIN ADDI­
TION ON THE RATE OF FLUID SECRETION AND THE ANION CONCENTRATIONS 
IN THE SECRETED FLUID 
residual fluid 
N secretion rate 
(Z of control) 
100% 
CI" 
(пМ) 
72 
НСОз" 
(mM) 
82 
Acetate 
(шМ) 
Phosphate 
(пМ) 
Isethionate 
(mM) 
Complete re­
placement of 
HC03" by 
Acetate 
Phosphate 
Isethionate 
Complete re­
placement of 
CI" by 
Isethonate 
Partial re­
placement of 
Na+by Li + 
Na+ 
(mM) 
Li+ 
(nM) 
112 
93 
68 
36 
38 
60 
76 
105 
Addition of 
Ouabain (ΙΟ^Μ) 
Ouabain (10"5M) 
4 
4 
5 
14 
57 ± 4 
31 ± 6 
15 ± 2 
50 ± 3 
69 ± 3 
62 ± 5 
55 ± 2 
31 ± 3 
70 ± 2 
20 ±2 
92 ± 3 
111 ± 4 
1 2 7 ± 5 
69 ± 5 
80 ± 2 
78 ± 4 
95 ± 2 
27+ 1 
31 ± 1 
34 ± 4 
15 ± 2 130 + 7 
8 3 ± 5 a 
72 ± 3 a 
69 + 6 a 
5 2 ± 3 a 
98 ± 5 6 7 ± 4 a 
132 ± 3 29 ± 3 a 
33±4 a 
2.9 + 1.0 
2.9 ± 2.8a 
15 + 6a 
Mean values with SE of the mean aie given, N = number of experiments 
aCalculated value assuming Na++K+ • С1-+НС0з- + replacing anion 
phosphate replacement experiments is also very low (2.9 mM, SIM 1.0, n-5; 
Table I). The Na+- and K+-concentrations in the secreted fluid do not 
change significantly in the course of the HCOi'-replacement experiments. 
HCO3- is never completely absent from the secreted fluid. When НСОз" ^ s 
completely replaced by acetate, phosphate or isethionate, its concentration 
in the bathing medium during incubation still reaches up to 3 mM, presumably 
due to incomplete washing out of the tissue. The HCO3- concentration in the 
secreted fluid then reaches about 30 mM, probably due to the residual HCO3-
in the bathing medium or to НСОз" derived from metabolically produced CO2 in 
the pancreas preparation. The relation between the НСОз" concentrations in 
the bathing medium and in the secreted fluid and the secretory flow rate is 
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shown in Fig. 2. The data are taken from the experiments in which H C O 3 - is 
partially or fully replaced by isethionate, since this anion is least ef­
fective in replacing H C O 3 - and is virtually not secreted. 
100 
-80 
I 
60 
ζ 
ut 
40 f 
I, 
20 
0 5 10 15 20 25 
ІНС0з]
ь
 (mM) 
Fig. 2 Effect of bicarbonate concentration in the bathing medium on the 
rate of fluid secretion (o) and the НС0з~ concentration in the se­
creted fluid (V). H C O 3 - is replaced by equimolar concentrations of ise­
thionate. The results on fluid secretion are expressed as percentage of 
the fluid secretion rate in the presence of H C O 3 - and represent mean val­
ues with SE of the mean. For the number of experiments, see Tables I and 
II. 
2.4.2 Replacement of chloride 
Complete replacement of C I - by isethionate causes a 50% reduction in 
the fluid secretory rate, a decrease of the C I - concentration of the se­
creted fluid to 15 mM and an increase of the НС0з~ concentration to 130 
mM (Table I ) . 
The increase of the H C O 3 - concentration does not entirely compensate 
for the reduction of the C I - concentration, the anion deficit presumably 
being balanced by isethionate. At full C I - replacement 15 mM isethionate 
is calculated to appear in the secreted fluid (Table I ) . Fig. 3 shows the 
effects of decreasing the C I - concentration of the bathing medium on the 
CI" concentration of the secreted fluid and on the flow rate. The data are 
f rom experiments with partial or full replacement of C I - by isethionate. 
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Fig. Ζ Effect of chloride concentration in the bathing medium on the rate 
of fluid secretion (o) and the Cl_ concentration in the secreted 
fluid (n). CI - is replaced by equimolar concentrations of ieethionate. The 
results shown represent mean values with SE of the mean. For the number of 
experiments see Tables I and II. 
2.4.3 Replacement of sodium and addition of ouabain 
Upon partial replacement of Na+ by Li+, the secretory flow rate decreas­
es, the Cl~ concentration of the secreted fluid increases and the HCO3-
concentration decreases (Table I). These effects increase with augmented 
replacement of Na+. In the low-Na+ media, the Na+ and Li + concentrations 
of the secreted fluid are virtually equal to those in the bathing medium, 
while the K+ concentration tends to rise slightly. 
Upon addition of ouabain to the bathing medium, the secretory flow rate 
decreases, the Cl~ concentration of the secreted fluid increases and the 
НСОз" concentration decreases (Table I). 
The effect of ouabain is concentration-dependent. In the presence of 
ouabain, the Na + concentration of the secreted fluid does not change sig­
nificantly, but a slight increase in the K + concentration is again observ­
ed. However, the increase of the K+ concentration is also observed upon in-
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cubation in normal medium without ouabain and may be due to leakage of K+ 
from pancreatic or other cells in the bathed preparation. 
2.4.4 Combination of findings 
When the results are expressed in units of secretory output of fluid, 
Cl~ and HCO3-, it becomes evident that all three parameters are decreased 
upon ion replacement or ouabain addition (Table II). This table represents 
data from experiments in which ouabain is added in four different concen­
trations varying from 10 - 6 to 10~5 M, experiments in which HCO3- is partly 
replaced by isethionate or fully replaced by acetate, phosphate or isethio­
nate, experiments in which Cl_ is partly or fully replaced by isethionate 
and experiments in which part of the Na+ is replaced by Li+. Plotting 
these data in one graph as percentages inhibition of fluid, CI- and HCO3-
secretion, it appears that the relation between the percentage inhibition 
of fluid secretion and Cl~- or HC03~-secretion is about equal for all ex­
periments in which HCO3- is replaced or in which Na + is replaced by Li + 
or in which ouabain is added (Fig. 4). 
0 • HCO3-» acetate 
Δ 1 НСОэ* phosphate 
V Τ НСОз·» isethionate 
о • Na* •» Li* 
ftt ouabain 
о • Cl" -> isethionate 
50 
Inhibition of fluid secretion (*/·) 
100 
Fig. 4 Relationship between the inhibition of fluid secretion and the in­
hibition of HCO3-- and Cl--secretion. Data are taken from the ex­
periments in which НСОз" is replaced by acetate (o,·), phosphate (Δ,Α) or 
isethionate (V,T), Cl~ is replaced by isethionate (п,м), Na+ is replaced 
by Li + (o,·), or ouabain (10"6-10"5 M) is added «r,*). The results are ex­
pressed as percentages of the secretory rates in the control period, and 
represent mean values of 2-5 experiments. 
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Table II EFFECTS OF REPLACEMENT OF ВС03' 
HC03~ SECRETION 
СГ OR Na+ AND OF OUABAIN ADDITION ON THE INHIBITION OF FLUID, Cl~ AND 
Experiment Medium concentration (шМ) Fluid secretion 
(Z) 
Inhibition of 
Cl~-secretion 
(%) 
HCO3 -secretion 
(%) 
normal KRB medium 
HC03 --replacement by 
- isethionate 
- isethionate 
- isethionate 
- acetate 
- phosphate 
Cl~-replacement by 
- isethionate 
- isethionate 
- isethionate 
Na +-replacement by 
Li+ 
HCO3-
24 
17.9 
11.1 
1.1 
2.7 
1.6 
24 
24 
24 
Na+ 
112 
93 
68 
36 
α­
ϊ 34 
134 
134 
134 
134 
134 
69 
47 
7.2 
Li+ 
38 
60 
76 
105 
Ouabain ( Ю - 6 M) 
(3.10"6 M) 
(S.IO-6 M) 
( Ю - 5 M) 
replacing aniona 
6.1 
12.9 
22.9 
22.3 
19.0 
64 
87 
127 
19 
4 
4 
5 
14 
6 
4 
4 
7 
27 ± 1 
47 + 2 
85 ± 2 
43 + 4 
6 9 + 4 
25 ± 3 
33 ± 5 
50 ± 3 
31 ± 3 
38 ± 5 
45 ± 2 
70 ± 3 
29 ± 2 
64 ± 7 
71 ± 6 
80 ± 2 
13 
29 
71 
32 
51 
44 
60 
89 
16 
28 
28 
58 
15 
42 
62 
66 
± 
+ 
+ 
+ 
± 
+ 
± 
+ 
+ 
+ 
± 
+ 
+ 
± 
± 
+ 
1 
5 
1 
6 
8 
2 
3 
I 
4 
8 
3 
4 
3 
9 
8 
4 
33 ± 1 
59 ± 1 
94 ± 1 
78 + 2 b 
87 ± 3 
8 
11 
20 
37 
44 
56 
78 
41 
84 
81 
92 
+ 
± 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
3 
3 
5 
4 
4 
3 
2 
3 
3 
4 
2 
For the replacement experiments, the measured values for the НС0з _ , C l - , phosphate, N a + - and Li +-concentrations in 
the bathing medium are shown. The inhibition of fluid, C I - and H C O 3 - secretion is given as the decrease of the se­
cretion rate in percent of the secretion rate during the control period. The C I - and HCO3- secretion rates are cal­
culated by multiplying the fluid secretion rate with the C I - or НСОз" concentration in the secreted fluid. Mean 
values with SE of the mean are given. N =• number of experiments. 
Calculated values assuming N a + + K + » С 1 - + Н С 0 з _ + replacing anion. 
bThis value respresents (HCO3 - + acetate)-secretion 
In contrast, a completely different relation exists between the percentage 
inhibition of fluid secretion and CI -- or HC03--secretion, when CI - is re­
placed by isethionate (Fig. 4). This figure also shows that the effects of 
replacing НСОз~ and those of replacing CI - on the secretion of fluid and on 
the secretion of the accompanying anion (Cl~ or НСОэ-) are entirely differ­
ent. HC03--replacement, Na+-replacement and ouabain all greatly inhibit 
fluid- and Cl--secretion (maximally 952), whereas CI - replacement inhibits 
fluid secretion by less than 55% and has only a minor effect on НСОз~-ае-
cretion after replacement of a considerable part of the CI - in the medium. 
2.5 DISCUSSION 
The anions bicarbonate and chloride are important for fluid secretion in the 
isolated rabbit pancreas, but they behave in different fashion. This is 
particularly shown in the experiments in which either of these anions is 
completely replaced by isethionate, for which anion the pancreas has a very 
low permeability. Replacement of bicarbonate leads to a nearly complete in­
hibition of fluid secretion, whereas replacement of chloride leads to only 
about 50% inhibition. 
These findings are incompatible with a model in which a chloride-rich 
secretion from the acinar cells is mixed with a bicarbonate-rich secretion 
from the ductular cells, as appears to be the case for the stimulated se­
cretion in the rat (Sewell and Young, 1975; Petersen and Ueda, 1977). It is 
more likely that the fluid secretion in the rabbit pancreas, as in the cat 
pancreas, is mainly or even entirely dependent on the secretion of bicarbo­
nate by one cell type, viz. the ductular cells. The low maximal bicarbonate 
concentration (82 mM) as compared to that obtained in the cat pancreas (140 
mM; Case et al, 1969) may be explained by assuming that the chloride perme­
ability in the rabbit pancreas is higher than in the cat. The lack of stim­
ulation of fluid secretion in the rabbit pancreas by acetylcholine and 
cholecystokinin-pancreozymin, which stimulate enzyme secretion by the aci­
nar cell, also supports the assumption that fluid is only secreted by one 
type of cells. 
The requirement for bicarbonate is not absolute. As shown earlier by 
Swanson and Solomon (1975) for the isolated rabbit pancreas and by Case et 
al (1979) for the perfused cat pancreas, complete replacement of bicarbo­
nate by acetate maintains fluid secretion, although at a reduced rate. In 
the cat pancreas the anions of the weak organic acids sulfamerazine and 
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glycodiazine can take the place of bicarbonate. In the case of sulfamera-
zine, the concentration of the undissociated component appears to be the 
limiting factor in fluid secretion (Schulz et al, 1969; Schulz, 1971). It 
has therefore been suggested that a Na+-H+ exchange carrier in the contra-
luminal membrane, driven by the Na+-gradient, is the most likely mechanism 
mediating transcellular buffer and water secretion (Swanson and Solomon, 
1975; Schulz, 1971). 
The different effects of replacement by acetate, phosphate and isethio-
nate found in our study seem to be correlated with the different permeabi-
lities for these anions. Acetate is secreted in a relatively high concen-
tration compared to phosphate and isethionate. The difference in the in-
hibitory effects of phosphate and isethionate on fluid secretion is not 
clear, since both anions appear at the same low level in the secretory fluid. 
They may have different effects on the intracellular pH and thus affect 
the residual fluid secretion rate differently. This residual fluid secre-
tion is probably maintained by residual bicarbonate in the medium and meta-
bolically derived CO2, which keep the bicarbonate concentration in the se-
creted fluid from falling below a value of 30 mM. 
The experiments in which chloride is replaced by isethionate indicate 
that chloride is not essential for fluid secretion, but that the presence 
of a permeable anion increases the fluid secretion rate. Surprisingly, the 
bicarbonate output remains unchanged, while the fluid secretion is inhibit-
ed by 35% upon reducing the chloride concentration from 130 to 50 mM. Only 
at very low concentrations of chloride (<50 mM) in the bathing medium is the 
bicarbonate output reduced. This may be explained by assuming that a prima-
ry bicarbonate-rich secretion is secreted by the ductular cells, and that 
chloride appears in the secreted fluid by a secondary process, viz. by pas-
sive diffusion through a chloride channel or by exchange with bicarbonate. 
At low medium chloride concentrations, the decreased electrochemical grad-
ient for bicarbonate between cell and lumen due to the increased luminal 
bicarbonate concentration may then lead to a decrease in bicarbonate secre-
tion. However, we cannot rule out a direct role for chloride in facilitat-
ing bicarbonate transport into or out of the cell. 
The effect of replacement of either bicarbonate or chloride on the se-
cretion of the other anion is in accordance with the findings of Rothman 
and Brooks (1965b) and Swanson and Solomon (1975) for the rabbit pancreas 
and by Case et al (1979) for the cat pancreas. In their experiments, re-
placement of bicarbonate inhibited secretion of chloride and this always 
occurred to a greater extent than that of bicarbonate upon replacement of 
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chloride. These results indicate that bicarbonate is the primary secreted 
anion and that chloride secretion is regulated secondarily to bicarbonate 
secretion. 
The model of fluid secretion suggested by Bonting et al (1980a) assumes 
paracellular secretion of the cations Na+ and K+ (Fig. 5). Since Li+ appears 
in the secreted fluid in approximately equal concentration as present in 
the bathing medium, the paracellular secretion pathway for cations appears 
to be as permeable to Li+ as to Na+. Thus, an additional effect of Li+ on 
anion secretion due to a different paracellular permeability is unlikely. 
Therefore, Li+has been chosen as the replacing cation. The inhibitory ef-
fect of this replacement on fluid and anion secretion suggests that there 
is a transport process underlying fluid secretion that is dependent on Na+ 
for which Li* cannot substitute. A similar effect of substituting Na+ by 
Li was reported by Swanson and Solomon (1975) and Case and Scratcherd 
(1974). 
Na ,K ,C1 
Fig. S Model for fluid secretion by 
the ductular cell (adapt-
ed from Bonting et al (1980a). The 
(Na++K+)-ATPase system maintains a 
Na+-gradient across the basolateral 
cell membrane. The coupled Na+-H+-ex-
change is a secondary active process 
that serves to transport H+ out of 
the cell and HCO3" into the cell. 
Na+, K+ and possibly also CI" are 
secreted via the paracellular route. 
Our most significant observation is that bicarbonate replacement by anyone 
of three anions, Na+ replacement by Li+ and addition of ouabain, all have 
the same effect on the relationship between bicarbonate or chloride secre-
tion and fluid secretion. This strongly suggests that these experimental 
treatments act on the same transport mechanism, which is a critical, rate-
limiting step in the fluid secretion process. The fact that for all these 
experiments the curve relating chloride output and fluid volume output is 
below the curve relating bicarbonate output and volume output (Fig. 4) 
could indicate a bicarbonate-chloride exchange mechanism in the main ex-
cretory duct, which causes the chloride concentration of the secreted fluid 
to rise at decreasing secretory rate. However, the micropuncture data of 
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Caílischetal (1980) in the rabbit pancreas in situ do not support the ex-
istence of such an exchange mechanism. 
The findings reported in this chapter suggest that pancreatic fluid se-
cretion is based on a Na+- and HC03--dependent secretory mechanism. This is 
in accordance with the earlier model for fluid secretion by the ductular 
cell (Fig. 5). In this model the Na+-gradient established by the (Na++K+)-
ATPase system energizes a Na+-H+ exchange mechanism in the basolateral 
plasma membrane, which drives the conversion of CO2 via H2CO3 to H and 
HCO3-. The bicarbonate thus accumulated would leave the cell through the 
apical membrane by a neutral of electrogenic transport mechanism. The bi-
carbonate transfer step would generate directly or indirectly a lumen-nega-
tive electrical potential which would drive the transepithelial movement of 
the cations Na+ and K+, and thus of CI- and water. This model can also ex-
plain the secretion of anions such as acetate or even sulfamerazine and 
glycodiazine. The fact that 50 mM Cl- is required for maximal bicarbonate 
secretion and 130 mM CI for maximal fluid secretion suggests a dual role 
for chloride in electrolyte and fluid secretion: facilitating fluid secre-
tion, and taking part in the transport of bicarbonate. How it may do this, 
is studied in the next chapter. 
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Chapter I I I 
MECHANISM OF PANCREATIC f LUW SECRETION 
STUPÌ EP BV MEANS OF VARIOUS INHIBITORS 
3.1 svtmRY 
In order to increase our understanding of the mechanism of the pancreatic 
fluid secretion we have studied the effects of various transport inhibi-
tors on this process in the isolated rabbit pancreas. As shown in the pre-
vious chapter, the isolated rabbit pancreas has a high rate of unstimulat-
ed fluid secretion, which probably originates from the ductular cells. The 
fluid secretion is inhibited by ouabain, furosemide, bumetanide, piretan-
ide, SITS and acetazolamide, with their half-inhibitory concentrations: 
2·10~6 M (ouabain), 1.3·ΙΟ"3 M (furosemide), 2.2·10~3 M (bumetanide and 
piretanide) and 1.4· IO-1* M (SITS). With acetazolamide a maximal inhibition 
of only 20% is found at 10~3 M. Amiloride (ΙΟ-3 M) has no effect on pan­
creatic fluid secretion. 
The inhibitory effects on the HC03--output are always larger, and those 
on the Cl--output lower than those on the fluid secretion. The results sug­
gest that the ouabain-sensitive (Na++K+)-ATPase system provides the energy 
for a Na+-gradient-driven Cl--HC03--exchange transport system, which is 
sensitive to the loop diuretics furosemide, bumetanide and piretanide and 
to SITS. This system would drive the transcellular transport of HCO3- and 
secondarily that of cations, CI- and water. 
3.2 INTRODUCTION 
The exocrine pancreas secretes a f luid containing digestive enzymes, and in­
organic ions. This secretory process is driven by the active transport of 
ions, with water following isosmotically (Diamond, 1964). As in other fluid-
secreting epithelia, the (Ыа**^)-ATPase system has been shown to be the 
primary driving force for fluid secretion in the pancreas (Ridderstap and 
Bonting, 1969a). This system is located in the basolateral plasma membrane 
of the ductular and acinar cells (Bundgaard et al, 1981), and pumps K + in­
to the cells and extrudes Na+ from the cells into the interstitial fluid 
space. However, the fluid is secreted into the lumen from the apical side 
of the cells and contains Na+ as the main cation. This suggests that there 
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must be one or more other ion transport systems, driven by the (Na++K+)-
ATPase system, which lead to the secretion of ions and water into the lu­
men. 
The Na+-dependence of fluid secretion has been recognized in both the 
cat and the rabbit pancreas in several studies (Case et al, 1968; Rothman 
and Brooks, 1965b; Ridderstap and Bonting, 1969b; Swanson and Solomon, 
1975; Bonting et al, 1980a). Swanson and Solomon (1975) have postulated a 
model for pancreatic fluid secretion, which incorporates a Na+-H+-exchange 
mechanism driving the transcellular transport of HCO3- in the ductular 
cell. In addition, Bonting et al (1980a) have suggested that in the rabbit 
pancreas the secretion of Na+ and K+ proceeds through a paracellular path­
way, consisting of lateral intercellular spaces and leaky tight junctions. 
In the previous chapter we have shown that the unstimulated fluid secre­
tion of the rabbit pancreas is primarily HC03_-dependent, and that CI - is 
secreted secondarily to НСОз". We concluded from this study that the fluid 
secretion in the rabbit pancreas probably originates entirely from the duc­
tular cells (Kuijperset al, 1984a). 
In order to obtain more information about the involvement of ion trans­
port systems other than the (Na++K+)-ATPase system, we have studied the ef­
fects of various inhibitors of ion transport systems on the secretory rate 
and the composition of the rabbit pancreas fluid. The actions of the in­
hibitors is illustrated in Fig. 1. 
acetazolamide 
f urosemide c i ^ 
bumeta 
piretamde 4 
ouabain 
Fig. 1 Effect of various inhibitors on cellular ion transport mechanisms. 
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3.3 METHODS 
3.3.1 Preparation and -incubation of the pancreas 
Male and female New Zealand white rabbits of 3-4 kg are used. The ani­
mals are killed by a blow on the neck, immediately followed by carotic ex-
sanguination. The pancreas is prepared as described in Section 2.3.1 and is 
preincubated for one hour in normal Krebs-Ringer bicarbonate medium (KRB 
medium). The composition of the KRB medium, the sample collection procedure 
and the assay methods are described in Section 2.3.1. 
The first hour of incubation (control period) is carried out in normal 
KRB medium. This is generally followed by two or three experimental peri­
ods of 60-90 minutes, and sometimes an additional 60-minute control period. 
In the experimental periods an inhibitor is added, in a higher concentra­
tion in each successive experimental period. The secretory rate and com­
position of the secreted fluid reach a steady state level within 30-60 min­
utes. 
In some experiments, furosemide is added to a Cl~-free or HC03--free in­
cubation medium. In these cases, the normal KRB medium is replaced after the 
control period by a medium containing isethionate instead of CI - or acetate 
instead of HCO3-, and after 60 minutes in this medium the inhibitor is ad­
ded. 
The pH of the incubation media is brought to 7.4 by gassing with an ap­
propriate mixture of carbogene and O2, and - if necessary - by titrating 
with NaOH or HCl. A sample of the bathing medium is taken every 30 minutes 
for determination of the ion concentrations. 
For the experiments in normal KRB medium, the HC03~-concentration in the 
secreted fluid is calculated as the difference between the [Na++K+]-concen­
tration and the Cl_-concentration. For calculations the mean values are 
taken of the final 30 minutes of the control period and of each experimen­
tal period. 
3.3.2 Chemicals 
Ouabain is obtained from Merck, furosemide (Lasix) is purchased from 
Hoechst AG, acetazolatnide (Diamox) from Lederle Laboratories Division, 
SITS from I.C.N. Pharmaceuticals Inc., and amiloride from Merck, Sharp & 
Dohme. Bumetamide and piretanide are a gift from Dr С.P. Stewart, Abteilung 
Pharmakologie, Medizinische Fakultät, Rhein.-Westf. Techn. Hochschule Aachen. 
Both SITS, amiloride, bumetanide and piretanide were made up freshly for 
each experiment. All other chemicals used are commercial preparations of 
the highest obtainable purity. 
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3.4 RESULTS 
3.4.1 Effects of гпНгЪгіогв in normal medium 
In normal Krebs-Ringer medium, the rabbit pancreas secretes spontaneous­
ly at a relatively constant secretory rate of ca 600 yl/h for about 5-6 hrs 
after its isolation. The secreted fluid contains (in шМ): Na + (160), K +(6), 
HCO3- (90) and Cl~ (80) as the major ions. Upon addition of ouabain the 
fluid secretion rate decreases, while the Na+-concentration of the secreted 
fluid remains constant and the K+-concentration rises slightly (Fig. 2). 
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Fig. 2 Effect of ouabain on the rate of fluid secretion ( ) and on the con­
centrations of Na + (o), K + (·) and CI - (a) in the secreted fluid of 
the isolated rabbit pancreas. 
The Cl~ concentration of the secreted fluid increases, which means that the 
HC03--concentration decreases simultaneously. 
Addition of furosemide decreases the fluid secretion rate and has virtu­
ally no effect on the cation concentrations of the fluid (Fig. 3). The Cl -
concentration of the secreted fluid decreases. The effects of ouabain and 
furosemide are both dose-dependent (Table I). About 50% inhibition of fluid 
secretion is obtained with 2.10~6 M ouabain or with 1.3·ΙΟ-3 M furosemide 
(Fig. 4). Bumetanide and piretanide qualitatively have the same effect as 
furosemide, but they inhibit the fluid secretion to a lesser extent (Fig. 4). 
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Fig. 3 Effect of furosemide on the rate of fluid secretion ( ) and on the 
concentration of Na + (o), K + (·) and CI - (n) in the secreted fluid of 
the isolated rabbit pancreas. 
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Fig. 4 Dose-response curves for the effects of ouabain (ο), furosemide (π), 
bumetanide (Δ), piretanide (V) and SITS (O) on the rate of fluid se­
cretion of the isolated rabbit pancreas. For the number of experiments, see 
Table I. 
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Table I EFFECTS OF VARIOUS TRANSPORT INHIBITORS ON FLUID SECRETION, СГ-SECRETION AND HCOf-SECRETION 
Medium 
Normal 
Normal 
C l - - f r e e a 
HC03--free b 
Normal 
Normal 
Normal 
Normal 
Normal 
low Na+ с 
Inh ib i tor 
Ouabain 
Furosemide 
Acetazolamide 
Bumetanide 
Piretan ide 
SITS 
Amiloride 
( Ю - 6 M) 
( З - Ю - 6 M) 
( S - I O - 6 M) 
(IO" 5 M) 
(3· IO-1· M) 
( Ю - 3 M) 
( З - Ю " 3 M) 
( Ю - 3 M) 
( Ю - 3 M) 
( Ю - 3 M) 
( Ю - 3 M) 
( З - Ю - 3 M) 
( 1 0 - 3 M) 
( З - Ю - 3 M) 
(ΙΟ - 1· M) 
( 3 . 10" ц M) 
( Ю - 3 M) 
( Ю - 3 M) 
N 
6 
4 
6 
7 
3 
5 
4 
5 
5 
6 
5 
4 
3 
3 
6 
5 
3 
6 
Fluid s e c r e t i o n 
(%) 
29 ± 2 
64 ± 7 
71 ± 6 
80 ± 2 
1 8 ± 3 
45 ± 3 
70 ± 5 
53±10 
53 ± 9 
20 ± 2 
9 ± 6 
53 ± 6 
20 ± 2 
44 ± 1 
44 ± 2 
64 ± 3 
-9 ± 8 
14±I3 
I n h i b i t i o n of 
C l - - s e c r e t i o n 
(%) 
1 5 ± 3 
42 ±9 
62 ± 8 
66 ± 4 
1 2 ± 3 
35 ± 2 
56 ± 6 
6C±12d 
47 ±9 
1 ± 1 
1 ± 5 
44 ± 6 
19 ± 2 
43 ± 2 
32 ± 1 
50 ± 4 
HCO3 - s e c r e t i o n 
(%) 
41 ± 3 
84 ± 3 
81 ± 4 
92 ± 2 
25 ± 2 
54 ± 6 
82 ± 6 
53±10 
58±10e 
36 ± 3 
19 ± 3 
45 + 3 
1 5 ± 8 
55 ± 7 
54 ± 1 
76 ± 3 
The inhibition of fluid. Cl" and HC03--secretion is presented as the decrease of the secretory rate expressed as a per­
centage of the secretory rate in the control period. 
Mean values with SE of the mean are given. N •> number of experiments. 
a131 mM CI" replaced by 131 nM Isethionate 
b
 25 шМ HCO3- replaced by 25 niM acetate 
c118.5 mM Na+ replaced by 118.5 иМ K+ 
"this value represents inhibition of (CI-+isethionate)-secretion 
ethis value represents inhibition of (HCO3-+acetate)-secretion. 
3.4.2 Effects of furosemde in Cl~- or HCO{~-free medium 
In the Cl~-free isethionate-medium, fluid secretion is inhibited by 50% 
as compared to normal Krebs-Ringer medium, and the secreted fluid contains 
mainly НСОз" (130 mM) and low concentrations of isethionate (15 mM) and CI" 
(15 mM) (Kuijperset dl, 1984a). In the HC03--free acetate-medium, fluid se­
cretion is inhibited by 43%, and the concentrations of HCO3-, acetate and 
CI" are 27 nM, 33 иМ and 92 пИ (Kuijpers et al, 1984a). When furosemide is 
added in isethionate or acetate medium, its effect (expressed as percent 
inhibition of the fluid secretion rate in these media) is the same as in 
normal Krebs-Ringer medium (Table I). 
In isethionate-medium, furosemide has virtually no effect on the HCO3-, 
Cl~ and isethionate concentrations, and since the secretion contains pre­
dominantly НСОз", it inhibits mainly the HC03_-secretion. In acetate-medium, 
furosemide also has no effect on the anion concentrations in the secreted 
fluid, which means that it equally inhibits the secretion of Cl", HCO3" 
and acetate (Table I). 
Z.4.3 Effects of other inhibitors 
Acetazolamide inhibits fluid secretion only slightly, increases the Cl~ 
concentration, decreases the НСОз- concentration and has no effect on the 
Na'1'- and K+-concentrations in the secreted fluid. The effect on fluid se­
cretion is maximal at a concentration of about Ю - 3 M, at which concentra­
tion an inhibition of 20% is obtained (Table I). 
SITS inhibits the fluid secretion rate in an apparently dose-dependent 
manner (50% at 1.4"JO-3 M, Fig. 3). It decreases the HC03~-concentration 
and increases the déconcentration of the secreted fluid and again has no 
effect on the cation concentrations (Table I). 
Amiloride, in concentrations up to 10~3 M, has no effect on the rate of 
fluid secretion or on the ion concentrations in the secreted fluid, either 
in normal Krebs-Ringer medium or in a low Na+-medium in which the Na+-con-
centration is reduced from 144 mM to 25 nM by replacement with K+ (Table I) 
In Fig. 5 the percentages inhibition of the CI-- or HC03--secretion rates 
are plotted against the percentage inhibition of the fluid secretion rate 
(all data taken from Table I). This figure shows that the relation between 
these parameters is about the same for all inhibitors, except for acetazol-
amide which does not inhibit Cl--secretion. 
47 
β 
в 
м "^100-
o о 
.ο-α 
II !л іл 
S ^ 7 5 -
О. ІЛ 
о ^ 
υ 
ϊ° 
se
cr
et
 
se
cr
et
 
о
 
ι i n 
1
 2 5 -
•ς 
с 
о 
Έ 
1 о -
/ 
IL· 
I/ 
ν* 
с — . 
* 
/ / 
/ 
s 
0 
Λ/ 
^ / 
> ^ 
ρ / 
- T j T * 
/ 
ν 
/ / 
^,-
^ / 
•' / / / 
У '' / / / ' / УО / / 
s π 
o»ouabain 
о «furosemide 
iAbumetanide 
vTpiretanide 
o*SITS 
O*acetazolamide 
1 1 1 Г"^  
50 100 
inhibition of fluid secretion C/o) 
Fvg. S Relationship between inhibition of fluid secretion and inhibition 
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SITS (Ю-^-З. ΙΟ-1* M) (О,*), and acetazolamide (ΙΟ-3 M) ($,»). The results are 
expressed as percentages inhibition of the secretory rate in the control 
period, and represent mean values of 2-5 experiments. 
3.5 DISCUSSION 
3.5.1 The Swanson and Solomon model 
Several studies of the pancreatic fluid secretion have shown that the 
(Na++K+)-ATPase located in the basolateral membrane plays a primary and 
rate-limiting role in fluid secretion (Ridderstap and Bonting, 1969a; 
Bundgaard et al, 1981; Swanson and Solomon, 1975; Schulz, 1980). In ad­
dition, Swanson and Solomon (1975) have suggested that a Na+-dependent ex­
trusion of protons via a Na+-H+-exchange carrier is the mechanism respon­
sible for transcellular transport of HCO3-. Bonting et al (1980a) have ex­
panded this model to include the secretion of the monovalent cations Na+ 
and K+ via a paracellular route. This model featuring the (Na++K+)-ATPase 
system and the Na+-H+-exchange carrier as key transport systems 
(Figure 5, see Chapter II) explains that the inhibition of fluid se-
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cretion by ouabain is due to inhibition of the (Na++K+)-ATPase system, res­
ulting in a lowering of the Na+-gradient, a fall in intracellular pH and a 
decrease of the HC03--concentration gradient across the apical membrane and 
consequently of the secretion rates for HCO3" and water. 
The inhibition of fluid secretion by acetazolamide would be the result 
of the inhibition of the enzyme carbonic anhydrase, which catalyzes the in­
tracellular hydration of CO2 leading to the production of HCO3- and protons. 
However, ΙΟ-3 M acetazolamide, which should inhibit the carbonic anhydrase 
virtually completely, inhibits fluid secretion in the rabbit pancreas by 
only 20%. This suggests that either the rate of the uncatalyzed reaction 
is nearly sufficient to produce the НСОз" involved in the secretion process, 
or else that the reaction is only of minor importance in the fluid secretion 
process. In the perfused cat pancreas 2.10-1* M acetazolamide inhibits fluid 
secretion by nearly 70% (Case et al, 1970), so in this species intracellu­
lar C02-hydration appears to be a major factor in fluid secretion. 
3.S.2 Arguments against the model 
Although the model of Fig. 5 (Chapter II) can explain the effects of 
ouabain and acetazolamide, it is unable to explain the effects of furosem­
ide, piretanide, burnetanide and SITS and the lack of an effect of amiloride 
on pancreatic fluid secretion. 
Amiloride has been studied in order to determine whether Na+-H+-exchange 
plays an essential role in fluid secretion. In concentrations above 1 μΜ it 
inhibits Na+-H+-exchange in various epithelial and non-epithelial systems 
(Benos, 1982). This exchange has an important function in cellular pH regu­
lation, volume regulation and growth processes (Johnson et at, 1976; Kaplan, 
1978), while a function in H+-secretion has also been described (Kinsella 
and Aronson, 1980). Since amiloride competes with Na+ for the exchange car­
rier, its effects are generally more pronounced in a low-Na+ medium. How­
ever, we do not find any effect of ΙΟ-3 M amiloride on pancreatic fluid se­
cretion, either in normal or low-Na+ medium. This suggests that either the 
pancreas lacks such an amiloride-sensitive carrier, or that the carrier is 
not involved in fluid secretion, or that the low concentration of Na + (25 
mM) is Still too high to uncover an effect of amiloride. Thus, it remains 
unclear whether the Na+-H+-exchange system postulated in the model of Fig. 
5 (Chapter II) is actually present. 
The diuretics furosemide, bumetanide and piretanide have been used in 
order to determine whether a cation-coupled anion transport plays a role 
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in pancreatic fluid secretion. In a number of epithelia, furosemide and 
other sulfonamide 'loop' diuretics have been shown to inhibit transepi-
thelial Cl~-transport via inhibition of a Na+-Cl_-cotransport system 
Frizzell et at, 1979), which is energized by the Na+-gradient. Recent evi-
dence suggests that this system may actually be a Na+-K+-Cl--cotransport 
carrier (McManus and Schmidt, 1978; Geek et al, 1980; Gregor and Schlatter, 
1981). Palfrey et al (1980) have shown that the Na+-K+-Cl"-cotransport sys-
tem in avian red cells is inhibited by furosemide in relatively high con-
centrations (10-lt-10~3 M) and that this system is 100 times more sensitive 
to bumetanide than to furosemide. However, these authors also find that 
furosemide is a rather aspecific inhibitor of the Na+-K+-Cl~-cotransport, 
since it inhibits also anion exchange in the erythrocytes in the same con-
centration that inhibits the cotransport system. Bumetanide can inhibit the 
anion-exchange only at 1000 times the concentration in which it inhibits the 
Na+-K+-Cl~-cotransport (IO-1* M). Thus, the relatively high concentration of 
furosemide and the high concentrations of bumetanide and piretanide (as com-
pared to furosemide) needed to achieve an inhibitory effect on pancreatic 
fluid secretion, argue against a role of a Na+-K+-Cl~-cotransport system 
and favour a role of a furosemide-sensitive anion exchange carrier in pan-
creatic fluid secretion. It has been previously suggested that furosemide 
can inhibit CI" self-exchange in Ehrlich ascites cells (Aull et al, 1977) 
and in red blood cells (Brazy and Gunn, 1967), and Cl"-HC03~-exchange in 
the gallbladder (Heintze et al, 1979). 
The disulfonic stilbene derivative SITS, which is commonly assumed to 
be a highly specific inhibitor of anion exchange (Cabantchik et al, 1978), 
inhibits pancreatic fluid secretion in concentrations similar to those re-
quired for inhibition of anion-transport (10_l,-5· IO-1* M). Inhibition of 
fluid secretion by SITS has previously been reported in the cat pancreas 
(Hutson and Scratcherd, 1980). This also supports a role of an anion ex-
change system, probably a Cl--HC03--exchange system, in pancreatic fluid 
secretion. The finding that NO3- can substitute for Cl~ in fluid secretion 
by the cat pancreas (Case et al, 1979) as well as in the anion-exchange 
system in Ehrlich ascites cells (Aull et al, 1977; Levinson and Villereal, 
1976), but not in the Na+-K+-Cl_-cotransport in these cells (Geek et al, 
1980; Bakker-Grunwald, 1981), is in accordance with this conclusion. 
5.5.3 A revised model 
The effects of various inhibitors on pancreatic fluid secretion suggest 
that the fluid secretion is dependent on the activity of the Na+-K+-ATPase 
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system, and that the involvement of the carbonic anhydrase system remains 
uncertain. In addition, an anion-exchange system, sensitive to the loop 
diuretics and SITS, appears to play an important role in the secretion 
process. Previous studies have shown that the entire fluid secretion is 
Na"1"- and HC03~-dependent (Bonting et al, 1980a; Case et al, 1968,1970; 
Kui'jpers et al, 1984a; Swanson and Solomon, 1975) and that НСОз" is the 
primary secreted anion (Swanson and Solomon, 1975; Kuijperset al, 1984a). 
In addition, the present study shows that ouabain, SITS and the loop 
diuretics have similar effects on the secretion of water, Cl~ and HCO3-
and that these effects are comparable to those of omitting Na + or НСОз-
from the bathing medium (Kuijpers etal, 1984a). This suggests that these 
inhibitors eventually have a common site of action, i.e. that they inhibit 
(different parts of) an ion transport system leading to the secretion of 
HCO3- and water. This transport system appears to be a Na+-gradient depen­
dent Cl~-HC03~-exchange mechanism. 
According to these results we now postulate a revised model for pan­
creatic fluid secretion (Fig. 5). This model includes a Na -dependent 
anion-exchange mechanism on the basolateral membrane that transports a 
and HCO3- into the cell and CI - out of the cell. Fluid secretion is based 
on the secondary active transport of HCO3- into the cell via this coupled 
transport with Na + and Cl~. The involvement of a proton extrusion mecha­
nism, whereby anions such as HCO3- and acetate may be accumulated into 
the cell via non-ionic diffusion of their protonated form and subsequent 
transport of the protons out of the cell, remains uncertain. Although the 
evidence for such a transport system is only indirect, it would account 
for the effects of the various inhibitors found in this study and for the 
effects of ion replacements found in previous work (Rothman and Brooks, 
1965b; Swanson and Solomon, 1975; Case et al, 1979; Schulz, 1980; 
Kuijpers et al, 1984a). 
A coupled Na+-Cl--HC03--transport system, as assumed here, is thought 
to play a role in the regulation of the intracellular pH in squid axons, 
snail neurons and barnacle muscle (Boron, 1983). This system is respons­
ible for acid extrusion via influx of HCO3- and possibly efflux of H +, and 
it is dependent on extracellular Na+ and НСОз" and intracellular Cl -
(Thomas, 1977). The system can be inhibited by SITS and furosemide but not 
by amiloride, in contrast to the Ыа+/Н+-С1~/НСОз~ double ion exchanger, 
which has been postulated to maintain NaCl transport in the brush border 
membrane of rat intestine (Liedtke and Hopfer, 1982; Fan et al, 1983), and 
which is sensitive to both amiloride and SITS. In addition, Guggino et al 
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(1983) postulate a transport system in the basolateral celi membrane of the 
Necturus proximal tubule that can transport Cl - out of the cell in exchange 
for both Na+ and HC03~ and that is sensitive to SITS. In the pancreas, a 
similar coupled Na+-Cl--HC03~-transport may thus function to transport HCO3
-
into the cell against its electrochemical gradient, with Na+ entering and 
CI - leaving the cell simultaneously. 
Fig. 6 Model for the fluid secretion of the rabbit pancreas. 
The (Na++K+)-ATPase system drives via the Na+-gradient a coupled 
Na+-HC03~-Cl~ (-H+)-transport, which maintains the transcellular trans­
port of HCO3-. Na+ and K+ are secreted via the paracellular route. The 
pathway for Cl~-secretion is assumed to be paracellular, transcellular 
or both. 
In conclusion, our findings support a model for fluid secretion by the rab­
bit pancreas, in which the (Na^ '+K'1')-ATPase system, located on the basolate­
ral side of the ductular cell, plays a primary and rate-limiting role in 
fluid secretion and in which a Na+-gradient dependent Cl--HC03~-exchange 
system serves to transport НСОз" through the cell (Fig. 6). The latter sys­
tem would be located on the basolateral membrane and may possibly involve a 
H+-efflux component. In the rabbit pancreas intracellular carbonic acid 
formation through the carbonic anhydrase system would supply only a minor 
part of the secretory pool of НСОз". Secretion of НСОз" on the apical side 
may proceed through a conductive pathway. The HC03~-secretion will generate 
a lumen-negative electrical potential and will induce the secretion of Na+ 
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and K+ through the paracellular route and the secretion of Cl~ and water 
through trans- or paracellular pathways down their electrochemical gra-
dients. 
In our model for fluid secretion, Na+ and K+ are secreted via the para-
cellular route. The localization and the regulation of the paracellular 
transport route, as well as its role in the fluid secretion process, is 
studied in the next three chapters (Chapters IV, V and VI). 
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Chapter IV 
TIGHT JUNCTIONAL PERMEABILITY OF THE RESTING ANP CARBACHOL 
STIMULATED PANCREAS 
4.1 SUMMARY 
The permeability of the pancreatic epithelium to horseradish peroxidase 
is investigated in the resting and carbachol stimulated rabbit pancreas. 
Horseradish peroxidase administered to the bathing medium of the isolat-
ed rabbit pancreas appears in the secreted fluid of the pancreas in a rel-
atively low concentration. Carbachol stimulates both protein secretion 
and the passage of HRP into the secretory fluid. Histochemical assess-
ment shows that horseradish peroxidase enters the interstitial spaces of 
the pancreatic tissue and is present along basal and lateral plasma mem-
branes of acinar and ductular cells. In the absence of carbachol, horse-
radish peroxidase is seen more frequently in the tight junctions of duc-
tular cells than in those of acinar cells. 
However, in the carbachol stimulated gland horseradish peroxidase is 
observed in the junctions between adjacent acinar cells more frequently 
than in the unstimulated gland. Freeze-fracture of acinar cells shows 
that the number of tight junctional strands and the tight junction depth 
are slightly decreased upon carbachol stimulation. The findings suggest 
that cholinergic stimulation of the exocrine pancreas increases the per-
meability of the acinar cell junctions to moderately large molecules-such 
as horseradish peroxidase. This may result in an increase of the concen-
tration of the molecule in the secreted fluid. 
4.2 INTRODUCTION 
Studies of pancreatic physiology and of the ultrastructure of junctional 
complexes between pancreatic cells have shown that the pancreas belongs 
to the class of the relatively leaky epithelia (Dewhurst et al, 1978; 
Jansen et al, 1979; Claude and Goodenough, 1973). These epithelia are char-
acterized by a low spontaneous transepithelial electrical potential dif-
ference, low electrical resistance and high hydraulic conductivity (Frömter 
and Diamond, 1972). The electrical properties are a consequence of the pres-
ence of low-resistance paracellular shunt pathways, located in the zonulae 
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occludentes or tight junctions between the cells. The paracellular shunt 
pathway may be permeable both to nonelectrolytes and to cations (Moreno, 
1975). 
The pancreatic epithelium is permeable for relatively large nonelectro-
lyte molecules, e.g. sucrose, mannitol and inulin. When added to the per-
fusing or bathing medium of the isolated pancreas, these molecules appear 
in the secreted fluid in a concentration inversely related to the size of 
the molecule and directly related to their concentration in the medium 
(Dewhurst et al, 1978; Jansen et al, 1979). It has been suggested that 
this permeability is located paracellularly, i.e. the molecules would pass 
from the medium through the lateral intercellular spaces and the junction-
al complexes between pancreatic cells into the lumen (Jansen et al, 1979). 
Apart from uncharged molecules, also Na+ and K+, and part of the Ca2 and 
Mg2+ are thought to be transported via the paracellular route (Bonting et 
al, 1980a; Schreurs et al, 1975). 
The permeability for paracellularly transported molecules appears to be 
increased upon stimulation of enzyme secretion (Schreurs et al, 1975; 
Jansen et al, 1979,1980). Similar observations have been made in the sali-
vary glands. Sympathetic stimulation of the submaxillary gland appears to 
increase the permeability of the glandular epithelium to plasma proteins 
(Martin and Burgen, 1962; Juncqueira et al, 1965). 
Horseradish peroxidase has been used as a tracer for the course of pro-
teins in a variety of tissues. In a study of salivary gland permeability 
with this enzyme. Parsons et al (1977) showed that in the resting rabbit 
submandibular gland a paracellular pathway is located in the striated 
ducts. Upon stimulation with adrenalin this protein-permeable pathway oc-
curs also in the acinar regions of the gland. In the rat parotid gland 0-
adrenergic stimulation increases the permeability of tight junctions to 
horseradish peroxidase (Oliver and Hand, 1978) and to other cytochemical 
tracers (Mazariegos et al, 1984). 
In the present study the appearance of horseradish peroxidase in the 
secreted fluid of the isolated rabbit pancreas has been investigated by 
enzymatic analysis of the secreted fluid. The localization of the tracer 
in the pancreas tissue has been studied by a histochemical method. In ad-
dition, freeze-fracture electron microscopy is applied in a search for al-
terations in the tight junctional structure. The results suggest that the 
permeability of the junctions between acinar cells is increased upon stimu-
lation with carbachol. 
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4.3 MATERIALS AND METHODS 
4. 3.1 Isolated rabbit pancreas 
New Zealand white rabbits, weighing 3-4 kg, are killed by a sharp blow 
on the neck followed by exsanguination. The pancreas is removed from the 
animal and prepared and incubated as described in Section 2.3.1. After one 
hour of preincubation, the medium is replaced by fresh medium and frac­
tions of pancreatic fluid are collected. After 30 minutes, horseradish 
perioxidase (MW 44.000; Sigma Chem. Сотр., Type II) is added to the bath­
ing medium (0.2 mg/ml). After 90 minutes. Ю - 5 M carbamylcholine is added 
to the medium. 
The volume of the fractions is determined by weighing, and their pro­
tein content by the method of Lowry et al (1951) with bovine serum albumin 
as standard. The peroxidase activity in the secreted fluid and the bathing 
medium is determined by enzymatic analysis using p-phenylenediamine as the 
substrate (Luck, 1962). 
4.3.2 Histoehemistry 
From each of four pancreases two pieces are excised from the first in­
testinal loop and pinched in muscle biopsy clamps (0 θ mm) to close the 
open ends of the ducts. The pieces are incubated in Krebs-Ringer bicarbo­
nate medium containing 12 mg/ml horseradish peroxidase, continuously gas­
sed with carbogene (37 C, pH 7.4). After 3 hours 10~5 M carbachol is ad­
ded to the medium of one piece and the incubation is continued for another 
half hour. The other piece is incubated in control medium for 3j hours. 
After incubation, the specimens are prefixed in a mixture of 1.6% glu-
taraldehyde and 1.6% paraformaldehyde in 0.063 M phosphate buffer (pH 7.35) 
for 1 h at 20 C. The specimens are then incubated in a solution of 5 mg 
3,3'-diaminobenzidine tetrahydrochloride (Sigma, grade II) in 10 ml 0.1 M 
Tris-HCl buffer (pH 7.4) containing 0.1% H2O2 (Graham and Kamovsky, 1966) 
for 3x15 min. at 20 C, to demonstrate sites of peroxidase activity. The 
specimens are washed in 0.063 M phosphate buffer (pH 7.4) at 4 С overnight. 
They are then postfixed in 2% osmium tetroxide in Pelade buffer (pH 7.4) 
for 1 h at 4 С and stained occasionally with uranyl acetate and lead ci­
trate (pH 7.4) for 2 h at 4 C. Tissue specimens are dehydrated in a gra­
ded ethanol series and are embedded in Epon 812. 
Sections (0.6-0.8 urn thick) from non-stimulated and stimulated specimens 
are cut on a Reichert microtome and regions with peroxidase reaction prod­
uct are selected by light microscopy. From these regions, ultrathin sec-
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tions (80 nm) from two tissue blocks each are cut on a Reichert ultramicro-
tome and examined in a Philips EM 301 electron microscope operating at 60 
kV. Electron micrographs are prepared from all luminar regions in the super­
ficial tissue layer, where the electron-dense reaction product is present. 
Junctional complexes between adjacent pancreatic cells are classified as 
positive or negative, depending on the presence or absence of reaction 
product in the entire tight junction, and counted. Stimulation of the pan­
creas with IO-5 M carbachol occasionally results in a slightly altered mor­
phology of the acinar cell. Vacuolization of the cytoplasma, dilatation of 
the endoplasmic reticulum or bleb formation of the plasma membrane are then 
observed. The cell connections formed by these acinar cells have been dis­
regarded in the quantitative evaluation. 
4.3.3 Freeze-fraeture 
Fragments of pancreatic tissue of one animal are incubated for 60 min. 
in Krebs-Ringer medium (control) or for 30 minutes in Krebs-Ringer medium 
followed by 30 minutes in Krebs-Ringer medium containing 10~5 M carbachol 
(stimulated). 
Three fragments of control and carbachol stimulated tissue are fixed 
with 2% glutaraldehyde in 0.13 M phosphate buffer containing 2% sucrose 
(pH 7.4) for 1 h at 4 C. In addition, some fragments are cut from the 
pancreatic tissue and fixed in glutaraldehyde immediately after exsanguina-
tion of the animal. After fixation the fragments are rinsed in buffer f or 15 
minutes and stored in 35% glycerol in buffer overnight. Tissue pieces are 
frozen in liquid propane, freeze-fractured and platinum-carbon shadowed in 
a Balzers BAE 301 freeze-fracture apparatus. 
О _7 
The fracturing is carried out at -120 С at a pressure belowö.lO mbar. 
Replicas are cleaned in commercial bleach, NaOH and water and examined in 
a Philips EM 301. Semiquantitative morphometry of tight junctions is car-
ried out by determining the number of strands and the depth of the tight 
junctions at points situated 0.1 um from each other. 
4.4 RESULTS 
4.4.1 Isolated rabbit pancreas 
During incubation in normal Krebs-Ringer bicarbonate medium, the isolat-
ed rabbit pancreas secretes a fluid with a low protein content, which con-
tains no peroxidase activity (Fig. 1). 
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Fig. 1 Basal and carbachol stimulated permeability of the isolated rabbit 
pancreas for horseradish peroxidase. Fluid secretion rate ( ) , 
protein concentration (A) and horseradish peroxidase concentration (o) in 
the secreted fluid are presented. Mean of 3 experiments. 
Upon the addition of horseradish peroxidase to the bathing medium, peroxi-
dase activity appears in the secreted fluid after about 10 minutes and 
reaches after 70 minutes a steady-state level of approximately 0.7% of the 
activity in the bathing medium. Horseradish peroxidase has no noticeable 
effect on the fluid secretion rate and the basal protein secretion (Table 
I and Fig. 1). 
Table I SECRETION OF FLUID, PROTEIN AND HORSERADISH PEROXIDASE BY THE 
ISOLATED RABBIT PANCREAS 
Medium 
Period 
(min) 
Fluid secretion rate 
(μ1/10 min) 
rotein concentration in 
secreted fluid (pg/ul) 
KRB 
I 
(0-30) 
94 ± 6 
3.0 + 0 . 4 
KRB + HRP 
I I 
(90-120) 
84 ± 6 
1 . 0 ± 0 . 4 
0 . 7 ± 0 . 1 
KRB 
I I I 
(130-160) 
68 ± 17 
41 ± 9 
1.9 ± 0 . 1 
+ HRP + carba 
IV 
(150-180) 
81 ± 10 
21 ± 3 
2 . 3 ± 0 . 2 
:hol 
V 
(190-220) 
9 3 ± 8 
7 ± 1 
1 . 9 ± 0 . 2 
eroxidase concentration 
in secreted fluid 
of bathing medium cone. ) 
Carbachol (10~ 5 M) is added at t= 120 min. For further details see under 
results. Averages with SEM for 3 experiments are presented. 
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Fig. 2 Electron micrographs of resting acinar, centro-
ас nar and ductular cells incubated in horserad­
ish peroxidase-containing medium for 3j hrs. 
A . Low-magnification micrograph of pancreatic tissue 
with reaction product in the intercellular spaces of 
the outer tissue layer (arrows) and scattered in cy­
toplasmic vacuoles in the ER-region of acinar cells 
(arrowheads). Bar 10 ym. 
B. Ductular cells bordering a lumen with electron luc­
ent secretory material. Reaction product is present 
in the intercellular spaces and the ductular tight 
junctions (arrows). Bar 1 um. 
C. Acinar lumen containing secretory material; reaction 
product restricted to the lateral intercellular spac­
es of the acinar cells. Bar 1 ym. 
D. Reaction product is present in the tight junctions 
of the centroacinar cell (CA) (arrows) but not in 
the junctions of the acinar cells. Bar 0.5 ym. 
E. High magnification of centroacinar-acinar junction with 
reaction product reaching up to the lumen. Bar 0.1 ym. 
F. Reaction product is present along the luminal membranes 
(arrows). Note the diffuse cytoplasmic staining of the 
acinar cell at the left. Bar 1 ym. 
Figures B,D,E,F are from tissue sections stained with u-
ranylacetate and lead citrate. 
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Stimulation of the pancreas with 10 M carbachol causes a transient rise 
of the protein content of the secreted fluid with a maximum occurring at 
about 20 minutes after addition of the stimulant. Carbachol also gives rise 
to an increase in the peroxidase activity in the secreted fluid, which at-
tains a maximum (2.3% of the bathing medium activity) ca 40 minutes after 
addition of carbachol (Table I). In contrast to the protein content the 
peroxidase activity in the secreted fluid does not return completely to 
its initial value after stimulation with carbachol, but remains relatively 
high at 1.9% of the bathing medium activity (Table I). The additional in-
crease observed ca 90 minutes after stimulation probably represents un-
specific leakage of horseradish peroxidase into the secreted fluid due to 
deterioriation of the tissue. 
4.4.2 Histoohemistry 
The morphology of the pancreatic tissue, as observed by light and elec-
tron microscopy, is generally well preserved during the 3¿ h duration of 
the experiments (Fig. 2A). Apparently, the horseradish peroxidase reaction 
product is observed in only a few superficial cell layers of the pancreas. 
In that outer tissue layer, reaction product is clearly visible in the ex-
tracellular spaces along basal and lateral membranes of both acinar (Fig. 
2A) and ductular cells (Fig. 2B). Intracellularly, reaction product is oc-
casionally observed in small irregularly shaped vacuoles which are usually 
located in the RER portion of the acinar cytoplasm (Fig. 2A). Erythrocytes 
in small capillaries are stained due to their hemoglobin content. However, 
in deeper regions of the gland, where the reaction product in the extra-
cellular spaces is hardly detectable, the erythrocytes are also less dense-
ly stained (Fig. 2A). In some acinar and ductular lumina electron-lucent 
granular material is present, which probably represents spontaneously re-
leased secretory enzymes (Fig. 28,0). 
Closer examination of the luminal areas reveals that in the tight junc-
tions between acinar cells reaction product is usually retained at the ba-
sal side of one of the tight junctional strands (Figs. гС.В.Е). However, 
in the junctions between ductular cells and between centroacinar and acinar 
cells, and sometimes also in those between acinar cells, reaction product is ob­
served in the entire tight junctional area and then reaches up to the lu­
men (Figs. 2B,D,E,F). Fig. 2E shows the centroacinar-acinar junction of 
Fig. 2D at higher magnification. The reaction product clearly penetrates 
the tight junction completely. Sometimes reaction product is attached to 
the luminal membranes, though it is only rarely visible in the lumen it-
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self (Fig. 2F). There is no correlation between the presence of the reac­
tion product in the lumen or along luminal membranes and the penetration 
of the reaction product through the tight junctions. Occasionally, the cy-
toplasma of an acinar or ductular cell is diffusely stained with reaction 
product (Fig. 2F). This also appears to be unrelated to the luminal pres­
ence of the reaction product. 
After stimulation with carbachol the morphology of the tissue is slight­
ly altered. The lumina frequently contain secretory product and the num­
ber of zymogen granules in the acinar cells is sometimes diminished. Figs. 
ЗА and 3B show lumina with their surrounding acinar cells in the stimulated 
Pig. 3 Electron micrographs of acinar cells stimulated with ΙΟ - 5 M carba­
chol (30 min) incubated in horseradish peroxidase medium for3jhrs. 
A. Acinar lumen filled with secretory material. The reaction product is vis­
ible in intercellular spaces (arrows) and in one out of four acinar tight 
junctions (arrowhead). Bar 1 ym. 
B. Lumen with electron-dense secretory product. The reaction product is pres­
ent in the intercellular spaces, the tight-junctions and along the lumi­
nal membranes (arrows). Bar 1 ym. 
C. The reaction product is present in the intercellular spaces, along the 
luminal membranes and in the lumen (arrows). Bar 1 ym. 
D. Extensive reaction product in the lumen (arrow) and in endocytic vesi­
cles in the acinar cell (arrowheads). Bar 1 ym. 
Figs. A, C, D are from tissue sections stained with uranylacetate and lead 
citrate. 
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state. The secretory product is clearly visible in both lumina although 
with different densities. The horseradish peroxidase reaction product is 
again present in the intercellular spaces along basal and lateral membranes 
and inside the tight junctions of ductular and centroacinar cells. However, 
after carbachol stimulation the reaction product is also frequently observ­
ed in the tight junctions between acinar cells (Figs. ЗА,B,0,0) and along 
the luminal membranes (Figs. 3B,C,D). 
In the lumina, no obvious change is observed in the appearance of the 
reaction product as compared to the unstimulated state. Nevertheless, large 
deposits of the reaction product are sometimes present in the acinar lumina 
(Figs. 3C,D). The reaction product may then be observed in vesicles in the 
adjacent acinar cells suggesting endocytosis of luminal horseradish peroxi­
dase (Fig. 3D). The reaction product can usually be distinguished from the 
secreted enzymes due to the former's coarse granular appearance (Figs. ЗА, 
3B and Figs. 3C and 3D). 
Table II RELATIVE miMBER OF HRP-POSITIVE TIGHT JUNCTIONS BETWEEN ADJACENT 
ACINAR CELLS (AA), BETWEEN ACINAR AND DUCTULAR CELLS (ADI, AND 
BETWEEN ADJACENT DUCTULAR CELLS (DD) IN RESTING AND STIMULATED 
(30 min, 10~5 M carbachol) PANCREAS 
Experiment 
nr 
1 
2 
3 
4 
totals and 
averages with 
SEM (η =4) 
Symbol 
AA 
AD 
DD 
AA 
AD 
DD 
AA 
AD 
DD 
AA 
AD 
DD 
AA 
AD 
DD 
RESTING 
nr of tight 
_.
 ь
 percent junctions r 
total HRP-pos. 
169 17 10 
80 51 64 
45 41 91 
144 35 24 
16 11 69 
2 2 100 
61 17 28 
25 20 80 
3 3 100 
108 18 17 
16 9 56 
6 5 83 
535 87 20±4 
137 91 67±5 
56 51 94±4 
STIMULATED 
nr of tight 
...
 ь
 percent junctions 
total HRP-pos. 
123 27 22 
47 27 57 
11 10 91 
78 36 46 
12 11 92 
3 3 100 
158 141 89 
15 14 93 
6 6 100 
108 74 69 
33 29 88 
7 6 86 
467 278 57±15** 
107 81 83± 9* 
27 25 94± 4 
RATIO 
STIM/ 
RESTING 
2.2 
0.9 
1.0 
1.9 
1.3 
1.0 
3.2 
1.2 
1.0 
4.1 
1.6 
1.0 
2.9 ±0.5 
1.3 ±0.1 
i.oi±o.o; 
^Significantly different from control, P=0.009, t-test Student for paired observations. 
KtSignificantly different from control, P=0.04, t-test Student for paired observations. 
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Quantitative information on the presence of the reaction product in the 
tight junctional areas has been obtained by screening the electron micro­
graphs of the lumina and their surrounding cells. The number of lumina 
evaluated in the four experiments averages 43 for the unstimulated and 38 
for the stimulated pancreas. The tight junctions are classified according 
to their ability to retain the reaction product at the basal side (negative 
junction) or to permit the reaction product to reach up to the lumen (posi­
tive junction). This quantitation reveals that under unstimulated conditions 
20% (SE = 4, η = 4) of the junctions between adjacent acinar cells, 67% (SE = 5, 
η = 4) of the junctions between acinar and ductular cells, and 94%(SE = 4,n=4) 
of the junctions between adjacent ductular cells are positive (Table II). No 
distinction is made between centroacinar and ductular cells. 
Upon carbachol stimulation, the percentage positive junctions be­
tween acinar cells is significantly increased by a factor 2.9 (SE = 0.5, 
n = 4) from 20% (SE = 4, n= 4) to 57% (SE = 15, η =4). The percentage positive junc­
tions between acinar and ductular cells is increased from67% (SE = 5, η = 4) to 83% 
(SE = 9, η =4), whereas it is virtually unchanged for the junctions between 
adjacent ductular cells. 
4.4.3 Freeze-fraatuve 
Freeze-fracture replicas of the tight junctions between acinar cells 
show an elaborate meshwork of strands, showing themselves as interconnected 
ridges (P-face) or furrows (Ε-face) (Figs. 4A,B). Especially, in the non-in-
A. In vivo fixed control tissue. The tight junction is composed of two par­
allel arrays of 2-4 strands interconnected at regular intervals. P-face 
(P) and Ε-face (E) structures are visible. Bar 0.1 pm. 
B. In vitro incubated control tissue. Ε-face structure of tight junctional 
meshwork with variable number of strands and junctional depth. Intercon­
necting elements are irregularly spaced. LM luminal membrane. Bar 0.1 ym. 
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cubated tissue in vivo we observe frequently two arrays of closely juxta­
posed parallel elements, one of which is located at the far apical end of 
the lateral plasma membrane with an area of less dense interconnections in 
between (Fig. AA). Free ends sometimes extend into the basal direction 
(Fig. 4A). On the P-face, the ridges are often interrupted, although the E-
face furrows only occasionally contain single particles (Fig. 4B). 
The results of the semiquantitative morphometrical analysis of the tight 
junctions are shown in Table III. The tight junction depth (distance between 
most apical and most distal strand) and the linear density of the strands 
(number of strands per um tight junction depth) is altered, but the number 
of strands is unaffected by the in vitro incubation of the tissue. In the 
control tissue the mean number of tight junction strands is 7.0 (SE "0.19, 
n-593) with a tight junction depth of 0.52 Jim (SE-0.01, n»593). Carba-
chol stimulation of the tissue does not alter the general appearance of the 
tight junction, but significantly decreases the number of strands to 6.5 
(SE" 0.12, η =256) and just significantly decreases the depth to 0.49 um 
(SE = 0.012, n= 256). 
The tight junctions between ductular cells have not been studied separa­
tely, since it is not possible to distinguish acinar from ductular junc­
tions. In view of the great preponderance of acinar cells, the data shown 
in Table III thus probably are representative for the situation in acinar 
cell junctions. 
Table III MORPHOLOGICAL ANALYSIS OF ACINAR TIGHT JUNCTIONS 
Condition 
In vivo control 
N 
140 
Number of 
strands 
7.1 ±0.18 
Tight junction 
depth 
(ym) 
0.44 + 0.01 
Linear density 
of strands 
(strands/pm) 
16.8±0.4 
control 593 7.0±0.19 0.52±0.01 14.1 ±0.2 
(P=0.7) (P<0.001) (P<0.001) 
stimulated 256 6.5 ±0.12 0.49 ±0.01 14.7 ±0.4 
(30',ΙΟ"5 M carbachol) (P=0.016) (P-0.025) (P=0.22) 
Values are mean ± S.E. N is the number of grid lines drawn perpendicular to 
the most apical junctional strand at 0.1 pm intervals on electron micrographs 
(50.000-65.OOOx). Number of strands represents number of intersection points 
of strands with grid lines. Tight junction depth is the distance from the 
most apical to the most basal strand. Linear strand density is the number of 
grid line intersections per pm grid line. P-values below 'in vitro control' 
data refer to comparison with 'in vivo control' data; those Ъеіо 'in vitro 
stimulated' data to comparison with 'in vitro control' data. 
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4.5 DISCUSSION 
4.5.1 Permeab-ílity to horseradish peroxidase 
In this study, we have attempted to characterize and localize the path-
way for the permeation of large molecules in the resting and carbachol 
stimulated exocrine pancreas. By means of the protein marker horseradish 
peroxidase, the pathway has been traced chemically as well as histochem-
ically. In addition, freeze-fracture studies have been made in order to 
visualize the ultrastructure of the tight junctions. 
The results indicate that the pancreatic epithelium is permeable for 
horseradish peroxidase. At 70 minutes after the addition of horseradish 
peroxidase to the bathing medium of the isolated pancreas, the level is 
0.7Z of that in the bathing medium, which is below the values found for 
smaller uncharged molecules such as lactose (5.1%), sucrose (3.5%) or inu-
lin (2.6%), which indicates a rough parallellism of permeability with mol-
ecular size. After stimulation with carbachol the peroxidase level in the 
secreted fluid is increased, as is the case for various non-electrolytes 
and the divalent cations Ca2+ and Mg2+ (Schreurs et al, 1975; Jansenet al, 
1979,1980). 
A similar increase in the exogenous horseradish peroxidase activity 
has been observed in the submandibular saliva of the rabbit upon parasym-
pathetic stimulation plus adrenalin (Parsons et al, 1977). In the submax-
illary saliva also an increase in the salivary concentration of small or-
ganic molecules and of larger serum proteins has been found (Martin and 
Burgen, 1962; Juncqueira et al, 1965). These findings have interpreted as 
an increase in the permeability of the tight junctions i.e. the paracellu-
lar pathway upon secretory stimulation (Martin, 1964; Jansen et al, 1979). 
4.5.2 Pathway in resting pancreas 
The histochemical results indicate that horseradish peroxidase readily 
enters the extracellular spaces of the pancreatic tissue, and moves through 
the lateral intercellular spaces and junctional complexes between pancreat-
ic cells into the secretory lumen. The absence of a reaction product in the 
deeper regions of the gland may be due to a limited penetration of the per-
oxidase into the tissue during the 3j hour course of the experiments. 
However, the fact that the erythrocytes in the deeper tissue layers are 
also less densely stained,and the fact that after 70 minutes of incubation 
though a steady state level of peroxidase activity is attained in the se-
creted fluid of the isolated pancreas, points to a penetration of the di-
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aminobenzidine reagent as the limiting factor in the staining procedure. 
A difficulty with the penetration of DAB has previously been encountered 
in a study on rabbit submandibular gland permeability, using the same per-
oxidase staining method (Parsons et al, 1977). 
We occasionally observe diffuse cytoplasmic staining as well as per-
oxidase-labeled vacuoles in the cytoplasma of acinar and ductular cells, 
suggesting that transcellular transport of horseradish peroxidase may con-
tribute to its appearance in the secreted fluid. Uptake of horseradish per-
oxidase into multivesicular bodies and lysosomes has been observed at the 
luminal side of the pancreatic acinar cell (Oliver and Hand, 1978; Herzog 
and Reggio, 1976) and at the basal and lateral surfaces of pancreatic 
cells (Oliver, 1982). Diffuse cytoplasmic staining has been observed pre-
viously in studies with horseradish peroxidase (Garrett and Parsons, 1976; 
Parsons et al, 1977, Garrett et al, 1981). 
It has been suggested that horseradish peroxidase may affect cell mem-
brane permeability (Mazariegos et al, 1984). However, in our study the re-
action product was hardly ever observed in the apical part of the cells and 
there was no correlation between the diffuse cytoplasmic staining and the 
luminal presence of the reaction product. Thus, although caution is needed 
in the interpretation of results obtained with horseradish peroxidase, our 
findings do not offer any clear evidence for transcellular transport of 
horseradish peroxidase. 
Assuming that the presence of the reaction product in the tight junc-
tions implies permeation of horseradish peroxidase through those junctions, 
our histochemical results suggest that in the unstimulated pancreas horse-
radish peroxidase permeates more easily through the ductular cell junc-
tions than through the acinar cell junctions. However, since the majority 
of the pancreatic cells are acinar cells, the permeability of the junctions 
between these cells is likely to determine the overall permeability of the 
gland. The apparent contrast between the low relative peroxidase concentra-
tion in the secreted fluid (0.7%) and the high percentage of permeable aci-
nar junctions may be due to the fact that equilibrium across the leaky junc-
tion is not reached for horseradish peroxidase. 
The general absence of reaction product from the acinar lumina may be due 
to the low peroxidase level in the secreted fluid or to washing out of reac-
tion product during the treatment of the tissue. The latter explanation is 
supported by data of Mazariegos et at ( 1984), who studied tight junctional 
permeability of the rat parotid gland with microperoxidase, cytochrome C, 
myoglobin and tyrosinase as tracers. Occasionally, they found less reaction 
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product in the lumina than in the interstitial spaces, even though the trac-
er was administered in retrograde fashion. 
A number of studies on secretory epithelia have shown that the tight 
junctions may constitute a barrier for the movement of horseradish peroxid-
ase through the epithelium. In a histochemical study on rat pancreas, Papp 
et al (1976) showed that intravenously injected horseradish peroxidase 
readily enters the interstitial spaces of the pancreas, but that its pas-
sage into the lumen is obstructed by the tight junctions of adjacent acinar 
cells. 
In a similar study of the pancreas of rat and mouse, Walters et al, 
(1970) observed that the protein sometimes permeates through the junctions 
between ductular cells but not between acinar cells. The preferential loca-
lization of a paracellular pathway for horseradish peroxidase between duc-
tular cells has also been observed in the unstimulated rabbit submandibular 
salivary gland, where it penetrates into the lumen of the striated duct 
(Parsons et al, 1977). Additionally, permeation of horseradish peroxidase 
from the blood side to the saliva has been found in the submandibul-
ar gland of the dog (Garrett et al, 1981), but in this species the princi-
pal entry into the luminal system of the 'resting' gland is between the 
central acinar cells. Thus, the relative permeabilities of the tight junc-
tions between acinar and ductular cells may vary for different species and 
tissues. 
4.5.3 Pathtoay in stimulated pancreas 
Since our histochemical data are obtained at a fixed moment, the in-
crease in the number of permeable acinar cell junctions upon carbachol 
stimulation may reflect an increase in the duration of the 'open' state of 
the junctions per unit time, assuming that junctional permeability is an 
all-or-none phenomenon. However, our data may also represent a gradual 
change in the permeability of the tight junctions. 
Similar findings on tight junction permeability have previously been ob-
tained in the rabbit submandibular salivary gland. Parsons et al (1977) con-
cluded that adrenalin may cause a transitory opening of the junctional com-
plexes between adjacent acinar cells, thereby allowing the passage of horse-
radish peroxidase into the acinar lumen. In the rat parotid gland, Oliver 
and Hand (1978) and Mazariegos et al (1984) found after isoproterenol stim-
ulation a paracellular leakage of retrogradely infused tracers from the lu-
men into the interstitial spaces of the gland. 
Our finding that the acinar junctions are mainly involved in the in-
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creased paracellular permeability upon carbachol stimulation, is in accord-
ance with the susceptibility of the pancreatic acinar cell to cholinergic 
agonists with respect to protein secretion and electrophysiological beha-
viour. In addition, the increase in open acinar tight junctions by a factor 
2.9 quantitatively agrees with the increase of the horseradish peroxidase 
concentration in the secreted fluid of the isolated gland by a factor 3.3. 
This also suggests that ductular permeability contributes only marginally 
to the whole gland permeability. 
The similar effects of carbachol on the secretion of horseradish perox-
idase and on that of nonelectrolytes (mannitol, lactose, sucrose, inulin) 
and of divalent cations (Ca2+, Mg2+) strongly suggests that all these sub-
stances follow the same paracellular route. The nature of the receptors and 
second messengers involved in the regulation of paracellular permeability 
is still unclear. 
4.5.4 Freeze-fraature 
The analysis of the freeze-fracture replicas reveals that in vitro in-
cubation slightly alters the pancreatic tight junction structure in the 
sense that there occurs a decrease in the linear strand density. Carba-
chol stimulation decreases both the number of strands and the depth of the 
tight junctions, indicating that the permeability increase is accompanied 
by a clear ultrastructural change of the junctions. A negative correlation 
between strand number and permeability has been reported by Claude and 
Goodenough (1973). A gross disruption of junctional structure in the pan-
creas has been observed following duct ligation (Metz et al, 1978). 
Van Uijen et al (1984) found a negative correlation between serum TSH 
levels and junctional strand number in the goat thyroid gland. However, 
Mazariegos et al (1984) were unable to detect any significant changes in 
the ultrastructure of the acinar junctions in the rat parotid gland upon 
adrenergic stimulation. 
Our results suggest that the tight junctions of the exocrine pancreas 
may be structurally affected by cholinergic stimulation of the pancreas. 
4.5.5 Conclusions 
Our results indicate that there is a paracellular pathway for horserad-
ish peroxidase in the exocrine rabbit pancreas, which is apparently identi-
cal to the route through which smaller molecules and ions are transported. 
The permeability of this paracellular pathway is increased upon cholinergic 
stimulation of the pancreas. 
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In the resting pancreas, the acinar cell junctions restrict the passage of 
horseradish peroxidase, whereas the ductular cell junctions permit the mol-
ecule to penetrate. An increase of the permeability of the acinar junction-
al complexes may account for the increase in paracellularly transported mol-
ecules upon the stimulation. 
The paracellular permeability of the pancreas may also be stimulated by 
pancreozymin or its C-terminal octapeptide (Schreurs et ál, 1975; Jansen 
et dl, 1980b). The receptor involvement of this stimulation is studied in 
the next chapter (Chapter V) using the specific pancreozymin antagonist 
dibutyryl cyclic GMP. 
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C h a p t e r V 
EFFECTS OF OIWTVML CYCLIC GM? OW PARACELÜJLAR 
PERMEABILITY AND ENZYME SECRETION 
5.1 SUMMARY 
The isolated rabbit pancreas responds to the hormone cholecystokinin-pan-
creozymin and its C-terminal peptide with increases in protein secretion 
and in paracellular permeability. Dibutyryl cyclic GMP competitively in-
hibits these responses to the C-terminal octapeptide, but with different 
sensitivity. In low concentrations dibutyryl cyclic GMP only lowers the 
increase in the paracellular permeability, whereas in high concentrations 
it inhibits both the protein secretion and the permeability increase. The 
effect can be explained by assuming competition between dibutyryl cyclic 
GMP and the hormone at the level of the pancreozymin receptors. 
5.2 INTRODUCTION 
The enzyme secretion by the isolated rabbit pancreas is stimulated by at 
least two classes of agonists : cholinergic agonists and cholecystokinin-
pancreozymin-related peptides. These stimulants give rise to a transient 
increase in the enzyme concentration in the secreted fluid. In addition, 
they transiently increase the paracellular permeability of the isolated 
pancreas for divalent cations and non-electrolytes such as sucrose, lac-
tose and inulin (Schreurs et al, 1975,1976; Jansen et al, 1979,1980b). 
In Chapter IV we have shown that the increase of the paracellular per-
meability is due to an increased permeability of the tight junctions be-
tween the acinar cells. 
Dibutyryl cyclic GMP (dBcGMP) inhibits the action of pancreozymin and 
related peptides on enzyme secretion. In the acini of guinea pig pancreas 
and in rat pancreatic fragments, dBcGMP antagonizes the action of pancreo-
zymin and structurally related peptides on amylase secretion and also on 
the adenylate cyclase activity in a reversible, competitive and specific 
way (Peikin et al, 1979; Robberecht et al, 1980; Jensen et al, 1980; 
Barlas et al, 1982; Rajh et al, 1980b; Adachi et al, 1981). In the gall-
bladder, dBcGMP competitively and specifically inhibits the contractile 
effect of pancreozymin octapeptide (Poitras et al, 1980). These inhibitory 
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effects of the dibutyryl derivative of cGMP have been ascribed to a (par­
tial) competition between pancreozymin-like peptides and dBcGMP for the 
pancreozymin receptors (Peikin et al, 1979; Robberecht et al, 1980; Jensen 
et al, 1980; Barlas et al, 1982). 
In the present study we have investigated the effect of dBcGMP on the 
stimulated paracellular permeability as well as on the enzyme secretion in 
the rabbit pancreas. 
5.3 MATERIALS AND METHODS 
5.3.1 Chemicals 
Pancreozymin C-octapeptide (Pz-OP) has been synthesized by dr H. Rajh 
(Rajh et al, 1980). Dibutyryl cyclic GMP (dBcGMP) is obtained from Sigma. 
1
'*C-sucrose (381 pCi/mol) is purchased from the Radiochemical Centre, 
Amersham, U.K. Picofluor 15, the scintillation counting fluid, is obtained 
from Packard instruments, S.A. Benelux, Belgium, Brussels. All other chem­
icals used are commercial preparations of the highest obtainable purity. 
5.3. 2 Isolated pancreas 
The pancreas of male and female New Zealand white rabbits of 3-4 kg is 
prepared, mounted and incubated in a balanced Krebs-Ringer bicarbonate me­
dium, as described in Section 2.3.1. The KRB-mediijm contains (in mM) : Na+ 
143.4, K+ 4.7, Ca z + 2.5, Mg 2 + 1.3, CI" 130.5, HCOj" 25, НгРОц" 1.2, glucose 
5.5 (pH 7.4). The medium is continuously gassed with carbogene (95% O2, 5% 
CO2). 
The pancreas is preincubated for 1 hour in this medium, whereupon the me­
dium is replaced by fresh KRB medium. Radioactive ll*C-labeled sucrose (2 μΜ) 
and cold sucrose (2 mM) are added to the bathing medium. After 50 minutes 
dBcGMP is added to the medium, and after 60 minutes Pz-OP is added. The se­
creted fluid is collected in 5-min or 10-min fractions. The volume of the 
fractions is determined by weight. The protein concentration in the secret­
ed fluid is measured according to the method of Lowry et al (1951) on a mi­
croscale, using bovine serum albumin as a standard. 
5.3.3 Pancreatic fragments 
Fragments of 50-100 mg wet weight are cut from freshly isolated rabbit 
pancreas and are preincubated in 1 ml of the same KRB medium as used for 
the isolated pancreas (37 C). After 30 minutes the medium is replaced and 
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the experiment is started. To the new medium are added dBcGMP after 10 min 
and Pz-OP after 20 minutes. After 0, 10, 20, 30 and 40 minutes ΙΟΟ-μΙ ali­
quote of the medium are removed for analysis. At the end of the incubation 
period the fragments are homogenized in the residual incubation medium. 
Amylase activity is measured in the medium samples and in the homogenate 
by means of the Phadebas test (Pharmacia AB Chem., Uppsala, Sweden), modi­
fied for assay on a microscale. After correction for medium removed for ana­
lysis, the release of amylase into the medium is expressed as percent of a 
total amylase activity present in the fragments at the start of the experi­
ment. 
5.4 RESULTS 
5.4.1 Effects of pancreozymin oatapeptide and dibutyryl cGMP 
The rate of fluid secretion from the isolated rabbit pancreas varies 
between animals from 50 to 150 μΐ/min. The fluid secretion rate remains 
relatively constant during the Ъ\ h course of the experiments. The addi­
tion of 10 - B M Pz-0P to the bathing medium of the isolated rabbit pancreas 
has two effects: 
1. a transient increase of the protein secretion 
2. a somewhat slower transient increase of the paracellular permeability 
for small non-electrolytes such as sucrose (Fig. IA). 
However, in the presence of Ю-1* M dBcGMP, the Pz-OP-induced increase in 
sucrose permeability is abolished, whereas stimulation of protein secre­
tion remains unaffected (Fig. IB). DBcGMP (]0-'iM) alone does not have an 
appreciable effect on either fluid production, protein secretion or sucrose 
permeability (Fig. IB). 
5.4.2 Effects at various pancreozymin oatapeptide concentrations 
The effect of Pz-OP in the presence or absence of IO-1* M dBcGMP has been 
studied at various concentrations of the hormone (Fig. 2). The stimulation 
of protein secretion and sucrose permeability is about equal at 10 and 
ΙΟ
-9
 M Pz-OP. In both cases, prior addition of 10~ч M dBcGMP abolishes the 
increase in sucrose permeability but does not significantly affect the pro­
tein secretion. At 3.10~10MPz-OP stimulation of protein secretion is great­
ly decreased, but still evident, whereas the sucrose permeability increase 
is hardly detectable. In this case, IO-1* M dBcGMP has no significant effect 
on either the sucrose permeability increase or the protein secretion.Acon-
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concentration in the secreted fluid and the rate of fluid secretion (-«-). 
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Fig. 2 Stimulation of protein secretion and sucrose permeability by Pz-OP 
with or without IO-1* M dBcGMP. The sucrose and protein ratio are de­
fined as the ratio of their respective concentrations in the secreted fluid 
in the 25-45 minute-period after stimulation (sucrose) or the 10-40 minute-
period after stimulation (protein) and the 30 minute-period before stimula­
tion. Averages from 3-5 experiments for each point. 
centration of 10 - 3 M dBcGMP is sufficient to obtain inhibition of both pro­
tein secretion and sucrose permeability stimulated by 10~9 M Pz-OP (Figs.ЗА,3B). 
Carbachol ( Ю - 5 M) has qualitatively the same effect as Pz-OP on pro­
tein secretion and paracellular permeability. However, dBcGMP (Ю-1* M) 
does not significantly lower either the stimulation of the protein secre­
tion or the increase of the sucrose permeability by ΙΟ-5 M carbachol. 
5.4.3 Studies on panareatio fragmente 
The effect of dBcGMP on the Pz-OP and carbachol stimulated protein se­
cretion has been studied in more detail with fragments of rabbit pancreas. 
The dependence of the amylase secretion on the Pz-OP concentration in the 
presence and absence of 10 - 3 M dBcGMP is shown in Fig. 4. The dose-response 
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on the secretion of protein and sucrose by the isolated rabbit pan­
creas. Typical experiments out of 2 each, showing protein (o) and sucrose 
(·) concentration in the secreted fluid and the rate of fluid secretion 
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Fig. 4 Dose-response curves for Pz-OP stimulation of amylase release. Rab­
bit pancreatic fragments are incubated for 20 minutes in the presence 
of Pz-OP with or without Ю-1* M dBcGMP. Values are means of two experiments. 
curves clearly indicate that 10 - 3 M dBcGMP shifts the curve for the Pz-OP 
stimulated amylase release to the right and it would seem to lower the max­
imum effect. ΙΟ-1* M and 10 - 3 M dBcGMP have no effect on the amylase secre­
tion stimulated by 10~* M carbachol. In this preparation it is, of course, 
impossible to determine paracellular permeability. 
5.5 DISCUSSION 
Pancreatic enzyme secretion is stimulated by the neurotransmitter acetyl­
choline and its analogue carbachol as well as by the hormone pancreozymin 
and its peptide analogues. In the isolated rabbit pancreas these substances 
also affect the permeability of the pancreatic epithelium towards non-elec­
trolytes with a molecular weight of up to 40.000. This permeability is lo­
cated paracellularly (Jansen et al, 1979) and is increased shortly after 
stimulation of the enzyme secretion. The increase in permeability is lo­
cated predominantly in the tight junctions between adjacent acinar cells 
(Section 4.A). A similar phenomenon is observed upon stimulation of rabbit 
submandibular glands by adrenergic agonists (Parsons et al, 1977). 
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Dibutyryl-cGMP has previously been shown to be a competitive inhibitor of 
pancreozymin-stimulated enzyme secretion in rat and guinea pig pancreas 
(Peikin et al, 1979; Robberecht et al, 1980; Jensen et al, 1980; Barlas 
et al, 1982). Its site of action is thought to be at the pancreozymin re­
ceptor level. It has also been reported that the substance competitively 
inhibits the contractile effects of pancreozymin and gastrin on the guinea 
pig gallbladder (Poitras et al, 1980). 
In the present study we show that dBcGMP antagonizes the stimulating ef­
fects of pancreozymin on enzyme secretion and on paracellular permeability 
for sucrose. On the other hand, it does not affect the stimulating action 
of carbachol on either process. This suggests that dBcGMP, at least in rab­
bit pancreatic acinar cells, affects the pancreozymin receptor but not the 
acetylcholine receptor. 
The two responses of the rabbit pancreas to pancreozymin exhibit differ­
ent dose-response relations. At high concentrations of Pz-OP (10-9-10-8 M) 
both protein secretion and paracellular permeability are increased, whereas 
at low concentration (3·10-10Μ) the protein secretion is slightly stimulat­
ed but the paracellular permeability is hardly increased. On the other hand, 
the effect of addition of the competitive inhibitor dBcGMP seems to differ 
from that of simply lowering the Pz-OP concentration. While upon decreasing 
the Pz-OP concentration from 10~9 M to 3 -10~ 1 0Mboth protein secretion and 
paracellular permeability are decreased, dBcGMP (10 ** M) in combination with 
ΙΟ
-9
 M or 10 - 8 M Pz-OP fully inhibits the paracellular permeability without 
affecting the protein secretion response. However, this difference may only 
be an apparent one caused by the choice of the concentrations of Pz-OP and 
dBcGMP. 
There are two alternative explanations for these findings. 
Either there is one class of pancreozymin receptors, but with a larger 
excess of receptors for the protein secretion response than for the para­
cellular permeability response. Or else, there are two distinct classes of 
pancreozymin receptors with different affinities for Pz-OP, one regulating 
protein secretion having a high affinity for Pz-OP, and the other one regu­
lating paracellular permeability having a low affinity for Pz-OP. Although 
it is not possible to distinguish between these two alternatives on the base 
of our findings, the latter explanation finds some support in binding stud­
ies for radiolabeled cholecystokinin (CCK) in rat, mouse and guinea pig 
pancreatic acini, where non-linearScatchard plots of the specific binding 
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of CCK have been found (Jensen et al, 1980; Sankaran et al, 1980,1982). 
From the analysis of their binding data in rat and mouse pancreatic 
acini, Sankaran et al (1980, 1982) concluded that there exist two classes 
of CCK-binding sites, a high-affinity site with a Kj in the picomolar range 
and a low-affinity site with a Kj in the nanomolar range. In addition, they 
showed that stimulation of amylase secretion closely parallels the occupan­
cy of the high-affinity receptors in the rat and of the high- and low-affi­
nity receptors in the mouse. 
The findings reported in this paper are compatible with a model in which 
the increase in sucrose permeability is regulated by the low-affinity recep­
tors. Low concentrations of dibutyryl cGMP would antagonize the low-affini­
ty receptor, but not the high-affinity receptor. However, Jensen et al 
(1980) interprete the non-linear Schatchard plots by assuming that CCK binds 
to at least two classes of interacting binding sites, whose affinities are 
influenced by the extent to which these sites are occupied with agonists. 
The effects of dBcGMP on the Pz-OP-stimulated secretion of the pancreas 
are analogous to earlier findings for the effects of 2,4,6-triaminopyrimi-
dine on the carbachol-stimulated secretion (Jansen et al, 1980a). At con­
centrations above 0.5 шМ 2,4,6-triaminopyrimidine inhibits the carbachol-
stimulated paracellular permeability for non-electrolytes and divalent 
cations, but not the protein secretion. Since this compound has no effect 
on the pancreozymin-stimulated paracellular permeability and protein secre­
tion, it has been concluded that 2,4,6-triaminopyrimidine acts at the level 
of the acetylcholine receptor. It was further concluded that the lack of 
inhibition of protein secretion by this compound is due to the existence of 
different types of acetylcholine receptors regulating either protein secre­
tion or tight junction permeability. Or alternatively, that more receptors 
are 'spare' receptors in the protein secretion response than in the para­
cellular permeability response. 
Thus we conclude that dBcGMP antagonizes the response of the isolated 
rabbit pancreas to pancreozymin, and that different spare receptor popula­
tions or different classes of receptors, e.g. one with a high affinity and the 
other one with a low affinity for pancreozymin are involved in the effects 
of pancreozymin on protein secretion and paracellular permeability. 
Apart from the larger nonelectrolyte molecules such as sucrose, also Na+ 
and K+ enter the pancreatic secretory lumen passively via the paracellular 
route (Bonting et al, 1980a). Since this paracellular cation permeation is 
important in the fluid secretion proress, we might expect that stimulation 
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of the paracellular permeability by Fz-OF or cholinergic agonists would 
lead to an increased cation permeability and possibly an increased fluid 
secretion rate. This hypothesis is tested in the next chapter (Chapter 
VI). 
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STIMULATION OF FLUID SECRETION 
AND PARACELLULAR CATION 
PERMEABILITY 
CHAPTER VI 

Chapter VI 
STIMULATION OF F LUW SECRETION A W PARACELLÜLAR С А Т Ш PERMEASI ПТУ 
6.1 SUWARÏ 
Fluid secretion by the isolated rabbit pancreas is inhibited upon replace-
ment of Na+ in the bathing medium by Li+ or choline. The degree of inhibi-
tion is positively correlated with the reflection coefficient of the re-
placing cation. Stimulation of the pancreas by carbachol in normal Krebs-
Ringer medium has no effect on the fluid secretion rate, but decreases the 
K+-concentration in the secreted fluid. 
Stimulation of the pancreas by carbachol in the Li+-medium also increas-
es the fluid secretion rate. Stimulation by pancreozymin-octapeptide in the 
choline-medium increases the choline concentration and decreases the Na+-
and K+-concentrations in the secreted fluid, while not significantly chang-
ing the fluid secretion rate. 
These findings indicate that the transepithelial permeability for ca-
tions may determine the rate of fluid secretion, and that stimulation of 
the fluid secretion may be the result of an increase of the paracellular 
cation permeability by the stimulant, 
6.2 INTRODUCTION 
The paracellular permeation of charged and uncharged molecules is a well 
documented phenomenon for the rabbit pancreas (Jansen et al, 1979). The 
permeability of a given molecule that is passively transported through the 
epithelium can be characterized by its reflection coefficient or the ratio 
of its concentration in the bathing medium and in the secreted fluid 
(Bonting et al, 1980b; Dewhurst et al, 1978). Thus, Na+ and K+ appear to be 
freely and equally permeable, since the reflection coefficients for NaCl 
and KCl are 0.50 and 0.51 (Bonting et al, 1980b). Moreover, in a normal in-
cubation medium with Na+ as the main cation, the concentrations of Na+ and 
K+ in the secreted fluid are virtually equal to those in the bathing me-
dium (Bonting et al, ¡980a; Case et al, 1968). 
In contrast, choline and the divalent cations Ca2+ and Mg2+ are less 
permeable, and they appear in the secreted fluid in concentrations that are 
much lower than those in the bathing medium (Swanson and Solomon, 1975; 
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Bonting et al, 1980a). The uncharged molecules sucrose, lactose, mannitol 
and inulin, and the protein horseradish peroxidase also permeate through 
the epithelium, with the permeability decreasing in parallel with the mol­
ecular size (Jansen et al, 1979; Section 4.4.1). 
The paracellular permeability can be increased by the stimulants of the 
enzyme secretion process acetylcholine (ACh) and cholecystokinin-pancreo-
zymin (CCK-Pz), as determined for Ca 2 (Jansen et al, 1980b), sucrose 
(Jansen et al, 1979) and horseradish peroxidase (Section 4.3.1). This per­
meability increase can be specifically inhibited by low concentrations of 
receptor antagonists (Jansen et al, 1979; Kuijpers et al, 1983). 
The paracellular passage of HRP in the rabbit pancreas appears to be 
mainly governed by the acinar cell junctions, since the permeability of 
these junctions is apparently modulated by the stimulatory agent carbachol 
(Section 4.4.2). Similar findings on tight junctional permeability for 
horseradish peroxidase have been obtained in the submandibular gland of the 
dog and the rabbit (Garrett et al, 1981; Parsons et al, 1977) and the paro­
tid gland of the rat (Mazariegos et al, 1984). 
From the effects of the replacement of Na+ by K+, choline or sucrose it 
has previously been suggested that the paracellular permeability of the se­
cretory cation is a determining factor for the rate of fluid secretion 
(Bonting et al, 1980а) . However, one would then expect ACh and CCK-Pz to 
stimulate fluid secretion rate, but this does not occur in a normal incuba­
tion medium, apparently because under these conditions the paracellular per­
meation of Na+ (and K +) is not a rate-limiting factor in fluid secretion. 
Therefore, we have investigated the stimulatory effects of enzyme secretion 
agonists on the fluid secretion and the ion concentrations in the secreted 
fluid in media in which Na+ has been replaced by the monovalent cations Li + 
or choline. These effects are then related to the paracellular permeability 
of these ions. 
6. 3 MATERIALS AND METHODS 
a. 3.1 Preparation and inaubation 
Male and female New Zealand white rabbits of 3-4 kg are used. The pan­
creas is prepared and incubated essentially as described in Section 2.3.1. 
After the preincubation period in normal Krebs-Ringer bicarbonate (KRB) me­
dium, the medium is replaced by fresh KRB medium and the experiment is 
started. The secreted fluid is collected in 10-minute fractions in pre-
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weighed plastic tubes and from each fraction samples are taken for the ap-
propriate assays. 
The first hour of incubation (control period) is carried out in normal 
KRB-medium. This is generally followed by two experimental periods of 60 
minutes each. In the first experimental period the normal medium is replac-
ed by a medium containing Li+ or choline instead of Na+ and in the second 
experimental period carbachol or pancreozymin-octapeptide is added. The se-
cretory rate and the composition of the secreted fluid reach a steady state 
level within 30-60 minutes of the first experimental period. For calcula-
tions the mean values are taken of the final 20 minute intervals of the 
control period and the first experimental period, and of the 10-40 minutes 
interval after stimulation in the second experimental period. 
In the experiments with radioactive tracers, 3H-sucrose (0.01 vim) and/or 
^C-choline (2.8 um) (RCA, Amersham, U.K.) are added to the bathing medium. 
In addition, 2 mM cold sucrose and 2 mM cold choline are added in the con-
trol and experimental periods. 
The reflection coefficients for LiCl and cholineCl are calculated as the 
ratio of the percentage inhibition of the fluid secretion rate by 100 mOsm 
LiCl or cholineCl and the percentage inhibition by 100 mM sucrose, assuming 
a reflection coefficient of 1.0 for sucrose (Bonting et al, 1980b). 
6.3.2 Déterminations 
The volume of the secreted fluid fractions is determined by weighing the 
plastic collecting tubes on an automatic Mettler electronic balance, assum-
ing a fluid density of 1.0. Samples of 5-15 yl bathing medium or pancreatic 
fluid are diluted with distilled water to 3 ml. Na+ and K+ are measured in 
the diluted samples in an Eppendorf flame spectrophotometer and Li4- is meas-
ured by atomic absorption spectrophotometry. Calibration curves for all 
three cations are virtually linear. 
The choline concentration of the secreted fluid in the non-radioactive 
experiments is calculated from the difference between the (Na+ + K+) concen-
tration in the normal Krebs-Ringer bicarbonate medium of the preceding con-
trol period and the (Na+ + K+) concentration in the choline medium. 
6.4 RESULTS 
6.4.1 Effects of replacement of Na+ by Li+ 
Replacement of Na+ by Li+ inhibits the fluid secretion rate of the iso-
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Table I EFFECTS OF Na+ REPLACEMENT ВУ Li+ and CEOLINE, OF CARBACHOL AND OF PANCREOZmiN-OCTAPEPTIDE (Pz-OP) ON FLUID 
SECRETION RATE AND CATION CONCENTRATIONS IN THE SECRETED FLUID 
medium r a t e of f l u i d 
s e c r e t i o n 
% (пМ) 
[ K + ] S 
(пМ) 
[ L i + ] 3 
(mM) 
[ c h o l i n e ] , 
(mM) 
protein N 
(pg/IO min) 
normal KRB 
control period 
+ carbachol ( Ю - 5 M) 
100 
104 ± 11 
148± 2.0 7.0±0.3 
6.1 ±0.3« 
2.5±0.8 
41 ± 8 
17 
7 
Li+-mediuma 
control period 
+ carbachol (10~5 M) 
+ TAP (5 mM) 
+ atropin (Ю-1* M) 
no Ca2 
+ Pz-OP (10"5 M) 
choline-mediumb 
control period 
+ Pz-OP ( 1 0 " e M) 
32 ± 2 .1 
51 ± 1.6* 
2 9 ± 3.0 
3 9 ± 6 . 7 
4 9 ± 7.3« 
4 9 ± 5.3« 
45 ± 1.1 
40 ± 1.7* 
4 2 ± 1.6 
41 ± 1. 8 
36 ± 2 . 7 « 
9 .1 ± 0 . 3 
7 . 9 ± 0 . 3 * 
8 . 6 ± 0 . 6 
8 . 5 ± 0 . 3 
7 . 6 ± 0 . 4 « 
7 . 4 ± 0 . 7 « 
103± 2.9 
108 ± 4 . 7 
106± 2.4 
1 0 7 ± 2 . 2 
109± 1.6«« 
2 . 3 ± 0 . 6 
39 ± 3 
22 ± 3 
7 . 4 ± 1 
31 ± 12 
21 ± 2 
8 
17 
5 
4 
3 
3 
6 
KRB + o u a b a i n ( 5 . I O " 6 M) 
c o n t r o l p e r i o d 
+ carbachol ( Ю - 5 M) 
45± 4.0 
52±5.0 
128± 3.7 
103± 1.9 
10.5 ±0.2 
9.5 ±0.4«« 
12±0.7 
37± 1.9 
1.2 ± 0.2 
25 ± 3 
28 ±9.1 
29± 5.2 
145±2.9 
141 ± 3.2 
10.3±0.4 
9.1 ±0.5 
2.1 ±0.6 
19±2 
Values are means with SEM from the final 20-minute intervals of the control periods, and from the 10-40 minute inter­
val after stimulation with carbachol or Pz-OP. N - number of experiments. 
ail9 mM Na+ replaced by 119 mM Li + 
Ь 72 шМ Na+ replaced by 72 mM choline 
* significantly different from control (P<0.05), t-test Student 
««significantly different from control (P<0.05), t-test Student for paired observations. 
lated rabbit pancreas (Fig. 1). The fluid secretion rate is almost linearly 
related to the Na+-concentration (Fig. 2). Upon the replacement of 119 mM 
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Яід. 1 Effect of Na +-replacement by L i + , and of carbachol stimulation in Li +-me-
dium on fluid secretion rate ( ο ) , and concentrations of N a + (Δ) and 
K + (·) in the secreted fluid of the isolated rabbit pancreas. Values are 
means of 5 experiments. 
Na* by 119 пМ L i + , the Na +-concentration in the secreted fluid decreases 
to a value which is slightly higher than its concentration in the bathing 
medium, and L i + appears in the secreted fluid in a concentration which is 
slightly lower than its bathing medium concentration (Fig. 2, Table I ) . In 
addition, the K +-concentration in the secreted fluid is increased (Fig. 1, 
Table I ) . 
In normal KRB medium, stimulation of the pancreas with carbachol (10 M ) 
increases the enzyme secretion but not the fluid secretion. In addition, 
the K +-concentration of the secreted fluid decreases from 7.0 to 6.1 nM 
(Table I ) . However, when 119 nM of the N a + is replaced by L i + , carbachol 
( Ι Ο - 5 M ) increases both fluid secretion and enzyme secretion immediately 
after its addition (Fig. 1). The K + - and Na +-concentrations in the secreted 
fluid are decreased, while the Li +-concentration is slightly increased. The 
increase in protein output is the same as in normal medium (Table I ) . 
Stimulation with pancreozymin-octapeptide ( I O - 8 M) in the Li +-medium has 
about the same effects as stimulation with carbachol, i.e. the fluid secre-
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Fig. 2 Dependence of fluid secretion rate (о) and Na (·) and Li (A) con­
centrations in the secreted fluid on the Na + and Li+ concentrations 
in the bathing medium of the isolated rabbit pancreas. The results on fluid 
secretion rate are expressed as percentage of the secretion rate in normal 
Krebs-Ringer medium. Results are given as means with SE f or 4-5 experiments. 
tion rate is increased, the K+- and Na+-concentrations in the secreted 
fluid are decreased and the Li -concentration is slightly increased (Table 
I). 
To ascertain whether the effects of carbachol in the Li+-medium are due 
to an increase of the paracellular permeability for cations upon stimula­
tion, ve have determined the effects of 2,4,6-triaminopyrimidine and atrop­
ine on the carbachol-induced effects. From previous studies we know that 
triaminopyrimidine inhibits the carbachol-induced increase of the paracel­
lular permeability for small non-electrolytes and divalent cations (Jansen 
et al, 1980a). In the medium containing 119 mM Li+ instead of Na+, addition 
of triaminopyrimidine (5.10-3 M) inhibits the effect of carbachol (IO-5 M) 
on the fluid secretion rate and on the K+-concentration in the secreted 
fluid. Triaminopyrimidine by itself has no effect on either of these para­
meters (Fig. 3, Table I). 
It has previously been found that the cholinergic antagonist atropine 
also inhibits the increase of the paracellular sucrose permeation by carba­
chol, even when it is added up to 10 minutes after carbachol (Jansenetal, 
1979). When atropine (КГ1* M) is added to the medium with 119 mM Li+ 5 min 
after addition of carbachol (10 M), it reverses the increase in fluid se­
cretion rate, inhibits the decrease in K+-concentration and lowers the in-
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Fig. 2 Effect of 2,4,6-trïaminopyrimidine and carbachol stimulation in Li+-
medium on fluid secretion rate (o) and on concentrations of Na+ (Δ) 
and K+ (·) in the secreted fluid of the isolated rabbit pancreas. Values 
are means of 4 experiments. 
crease in protein output (Fig. 1, Table I). 
Omission of Ca 2 + from the medium containing 1)9 шМ Li + has no effect on 
the stimulation of the fluid secretion rate and the decrease of the ^ -con­
centration in the secreted fluid by carbachol. The stimulation of the pro­
tein secretion is also virtually unchanged under these conditions (Table I). 
6.4.2 Effects of replacement of Na+ by choline 
Replacement of Na + by choline decreases the fluid secretion rate (Fig. 
4). When 72 mM Na+ is replaced by 72 mM choline, the decrease of the fluid 
secretion rate (55%) is larger than when 72 шМ Na+ is replaced by 72 mM 
Li+ (43%). Replacement of Na+ by choline increases the Na+-concentration in 
the secreted fluid above that in the bathing medium, and choline appears in 
the secreted fluid in a concentration lower than that in the bathing medium 
(Fig. 4, Table I). In addition, the K+-concentration in the secreted fluid 
is increased (Table I). 
Addition of pancreozymin-octapeptide (10 M) to a medium containing 72 
mM Na+ and 72 mM choline stimulates enzyme secretion and slightly increases 
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the fluid secretion rate (Fig. A). The Na+- and K+-concentrations in the 
secreted fluid decrease, while the choline concentration increases by an 
equivalent amount (Table I ) . 
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Fig. 4 Effect of Na+-replaceiiient by choline and of pancreozymin-octapeptide 
(Pz-OP) stimulation in choline-medium on fluid secretion rate (o) and 
on concentrations of Na+ (Δ), K+ (·), choline (n) and sucrose (T) in the se­
creted fluid of the isolated rabbit pancreas. Values are means of 4 experi­
ments. 
Addition of triaminopyrimidine to the medium in which 72 nM Na+ is replaced 
by choline does not alter the effect of pancreozymin-octapeptide on the ion 
concentrations in the secreted fluid. 
When 119 mM Na+ is replaced by 119 mM choline, the fluid secretion rate 
is decreased to 13% of the control rate and choline appears in the secreted 
fluid in a concentration of 62% of that in the bathing medium (74 mM). Pan­
creozymin-octapeptide ( Ю - 8 M) again slightly increases the fluid secretion rate 
to 17% of the control rate and increases the choline concentration in the 
secreted fluid to 82% of its bathing medium concentration. 
6.4.3 Effects of ouabain 
Since the replacement of Na + leads to a decrease of the Na+-gradient a-
cross the cell membrane, we have also studied the effect of ouabain. Oua­
bain (5. 10 M) inhibits the fluid secretion rate by 72%, increases the K+-
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concentration and has no effect on the Na+-concentration in the secreted 
fluid (Table I). Addition of carbachol to the medium 60 minutes after ad­
dition of ouabain does not further change the f luid secretion rate, but de­
creases the K+-concentration in the secreted fluid and stimulates the pro­
tein secretion although less than in the absence of ouabain (Table I). 
6.4.4 Effects of stimulation on paraeellular треттеаЫЫЬу and refleation 
ooeffioients 
We have investigated whether the effects of the stimulants in the low-
Na+ media are related to the previously found increase in paraeellular per­
meability upon stimulation. The effect of pancreozymin-octapeptide on the 
permeability of 3H-sucrose and '^C-choline is studied in the media in which 
Na+ is replaced by Li + or choline. In addition, the reflection coefficients 
for the replacing ions Li + and choline are determined in the absence and in 
the presence of carbachol or pancreozymin-octapeptide. 
KRB.2mMsucr 
2mM Choline* 
с 
г β so 
u о 
"KRB 72mM Choline+,72mM Να* 
2mM sucrose 
10 4 M Atropine 
I 10"» M Pz-OP 
" u J - l J -
Av\ 
o—o-o—o-o—о 
i- t-t-t-t- i ,-^^^-*-*-^*-
1 ^ \r\ A e " ^ 
i-i èrt-tl ^*~*- t 
•100 
•Ό О 
Ζ* 
ο» υ 
100 
60 
о с (Л з 
. ε 
1Л ». 0 о 
і _ 
ι С 
1 — 
20 
•σ I 
n о 
Ä о 
οι υ 
οι Ц 
50 с ^ 
Ê о 
S * 
I с 
Ο ­
Ι 2 
time (h) 
Fig. S Effect of pancreozymin-octapeptide (Pz-OP) s t imulat ion in chol ine-
medium on f luid secret ion r a t e ( - · - ) , prote in concentrat ion (A), and 
concentrations of sucrose (o) and choline (a) in the secreted f luid of the 
i solated rabbi t pancreas. Typical for 3 experiments. 
In the media in which Na+ i s replaced by Li* (119 mM) or choline (72пИ) and 
2 mM sucrose and 2 nil choline are added, pancreozymin-octapeptide increases 
the secret ion of choline and sucrose in a p a r a l l e l and equivalent way (Fig. 5 ) . 
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The extent of the increase is about the same as in normal KRB medium (Table 
II). When the choline concentration in the secreted fluid is calculated from 
Table II EFFECT OF PANCREOZmiN-OCTAPEPTIDE (Pz-OP) ON PEFMEABILITÏ OF SU-
CROSE AND CHOLINE IN THE ISOLATED RABBIT PANCREAS 
medium Η-sucrose C-choline 
(% of medium (% of medium 
concentration) concentration) (mM) 
normal KRB medium 5.9 ± 1.0 - - , 
+ Pz-OP (10"e M) 23.1 ± 6.1 
Li+-mediuma 18.2 ± 2.3 23.3 ±3.8 - ' -
+ Pz-OP ( Ю - 8 M) 33.9 ± 1.0 43.7 ±0.5 
choline-mediumb 9.1 ± 1.6 28.0 ± 1.9 20.2±1.4 , 
+ Pz-OP ( Ю - 8 M) 37.0 ± 8.5 54.3 ± 9.4 39.1 ±1.1 
Values are means with SEM from the final 30-minute interval before stimula­
tion, and from the 10-40 min-interval after stimulation with Pz-OP. N» num­
ber of experiments. 
all9 шМ Na+ replaced by 119 nM Li+ 
Ь 72 mM Na+ replaced by 72 mM choline 
the ^C-choline rate between secreted fluid and bathing medium, and is com­
pared with the concentration calculated from the difference in (Na++ K +) in 
normal Krebs-Ringer medium and choline-medium, we obtain nearly the same re­
sults (Table I and Table II). 
The reflection coefficient for LiCl is decreased by stimulation with car-
bachol (10~5 M) from 0.67 to 0.59, whereas the reflection coefficient for 
cholineCl is not significantly affected by stimulation with pancreozymin-
octapeptide (10~8 M) (Table III). 
Table III REFLECTION COEFFICIENTS OF LiCl AND CH0LINE-CI 
LiCl cholineCl 
no stimulant 0.67±0.06 (6) no stimulant 0.84±0.08 (5) 
carbachol (I0- 5M) 0.59±0.10 (6) M Pz-OP (10- 8M) 0.82±0.I0 (5) 
Values are means with SEM from the final 30-minute intervals of the periods 
without added stimulant and from the 10-40 min-interval after stimulant ad­
dition. Number of experiments in parentheses. 
''Signif icantly different from unstimulated control (P< 0.01) , t-test Student 
for paired observations. 
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6.S DISCUSSION 
6.5.1 Dependenae of fluid seeretion on }ia+ 
Fluid sécrétion by the rabbit pancreas is mediated by a Na*-dependent 
anion transport mechanism, which is driven by the (Na++ K+)-ATPase-generat-
ed Na+-gradient (Schulz, 1981; Kuijpers et al, 1984; Bonting et al, 1980a). 
The inhibitory effect of replacing Na+ by Li+ in the bathing medium on the 
rate of fluid secretion is apparently due to the fact that Li+ cannot sub-
stitute for Na+ in this process. This has previously also been found in the 
perfused cat pancreas (Case and Scratcherd, 1974) and in the isolated rab-
bit pancreas (Rothman and Brooks, 1965b). 
Inhibition of fluid secretion can also be observed when Na+ is replaced 
by choline or when NaCl is replaced by sucrose (Swanson and Solomon, 1975; 
Bontingetal, 1980a; Ca.se.etal, 1968). However, Li+ is secreted in a slight-
ly lower concentration than Na+, whereas choline is secreted in a much 
lower concentration. 
In addition, fluid secretion is more inhibited when Na+ is replaced by 
choline than when it is replaced by Li+. These differences may be due to 
the different paracellular permeabilities of Li+ and choline deduced from 
their reflection coefficients (LiCl: 0.67, cholineCl: 0.84). The much high-
er reflection coefficient for LiCl (0.67) than for NaCl (0.50) is in appar-
ent contradiction with the fact that the Li+-concentration in the secreted 
fluid is only slightly lower than the Na+-concentration, when expressed as 
the ratio of the concentrations in the secreted fluid and the bathing me-
dium. 
However, the higher reflection coefficient for Li+ is in accordance with 
the finding that in various leaky epithelia the relative permeabilities of 
Na4", Li+ and K+ increase in the order PLÍ + < pNa + * PK+ (Diamond et al, 
1983). This suggests that the hydrated shell radius of a cation determines 
its permeability, which would imply that the cations move through hydrophil ic 
pores in the epithelial membranes. The increase of the K+ concentration in the 
secreted fluid, when the pancreas is bathed in the Li+ or choline medium, 
can thus be explained by the preferential secretion of K+ due to its larger 
paracellular permeability. The transepithelial potential as judged from 
the distribution of K+ and Na+ across the epithelium must also be increas-
ed upon replacement of Na+ by Li+ and especially upon replacement of Na+ by 
choline. 
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6. S. 2 Stimulation of fluid secretion in Li+~ and choline media 
In a Li+-medium stimulation with carbachol leads to a remarkable in-
crease in the fluid secretion rate, which does not occur in normal Krebs-
Ringer medium. In addition, the Na+- and Li^-concentrations in the secreted 
fluid approximate closer those in the bathing medium while the K+-concen-
tration in the secreted fluid is decreased. 
In the choline replacement experiments, the increase of the choline con-
centration and the decrease of the Na+-and K+-concentrations upon stimula-
tion with pancreozymin-octapeptide occur in parallel with the increase of 
the sucrose concentration. These effects appear to be the result of an in-
creased paracellular secretion of choline at the expense of the paracellu-
lar secretion of Na+ and K+. 
If we assume that also in the Li+-medium an increased paracellular cation 
permeability is responsible for the changes in the fluid secretion rate and 
the cation concentrations in the secreted fluid upon stimulation, then these 
changes should be accompanied by a decrease of the reflection coefficient 
for Li+. These changes should, moreover, be inhibí table by triaminopyrymid-
ine, which has been shown to be a specific inhibitor of the carbachol-in-
duced increase in paracellular permeability for sucrose and divalent cations 
Jansen et al, 1960a). Both phenomena are indeed observed. 
This suggests that the effects of carbachol on the secretion in the Li -
medium are attributable to an increased paracellular permeability, which 
may lead to the observed increase of the rate of fluid secretion and the 
decrease of the (("'"-concentration in the secreted fluid. The increased para-
cellular permeability is parallelled by only a slight increase of the Li+-
concentration in the secreted fluid. However, this concentration is unlike-
ly to increase since it is already virtually equal to the concentration in 
the bathing medium before stimulation. 
It is surprising that in the choline medium stimulation hardly increases 
the fluid secretion, even though the increase in paracellular cation per-
meability, as judged from the change of the ion composition of the secreted 
fluid, is here more prominent than in the Li+-medium. Furthermore, the re-
flection coefficient for choline is unaltered through stimulation with pan-
creozymin-octapeptide. These findings suggest that there is an increased 
permeability for choline upon stimulation, but that this increase does not 
give rise to an increased fluid secretion rate. 
The decrease of the K+-concentration in the secreted fluid upon stimula-
tion in normal KRB medium and the decrease of both the К*- and Na+-concen-
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tration upon stimulation in Li+- and choline medium would imply that the 
mucosa-negative transepithelial potential is decreased upon stimulation, 
which is in accordance with an increased cation permeability. 
6.5.3 Nature of the stimulated fluid secretion component 
The results of the experiments in the Li+-medium with atropine indicate 
that continuous occupation of the cholinergic receptor is a prerequisite 
for sustained increase of the fluid secretion rate in this medium. This has 
also been found for the increase in sucrose permeability in normal KRB me­
dium upon carbachol stimulation (Jansen et at, 1979). 
The inSensitivity of the fluid secretion rate to the presence of Ca2 
in the bathing medium suggests that this type of fluid secretion does not 
derive from the acinar cells. The acinar fluid secretion component is de­
pendent on extracellular Ca2 and is observed upon stimulation of enzyme 
secretion by cholinergic or pancreozymin-like agonists in the rat (Ueda and 
Petersen, 1977). 
6.5.4 Conclusions 
Stimulation of the pancreas with an agonist of the enzyme secretion re­
sults in an increased paracellular permeability for cations, at least in the 
case of Li and choline. This increased paracellular permeability may lead 
to an increased rate of fluid secretion, which obviously occurs when chol­
inergic stimulation is applied in a medium with Li + as the major cation. 
The absence of this effect upon stimulation in normal KRB medium with Na + 
as the main cation may be due to the fact that the paracellular permeabili­
ty for Na+ is increased upon the stimulation, but that this does not lead to 
an increased rate of fluid secretion because the anion secretion remains 
rate-limiting. The increase in fluid secretion rate in choline medium is 
hardly detectable, probably because the cation fraction respresented by 
choline is small (in contrast to the situation for Li +). 
From this study and from studies on the role of Na+ in the fluid secre­
tion process (Swanson and Solomon, 1975; Bonting et al, 1980a; Chapter II, 
this thesis), we may conclude that both the paracellular permeability and 
the potency of a Na+-replacing cation to substitute for Na+ in the Na+-de-
pendent НС0з~ transport mechanism underlying fluid secretion, will deter­
mine the effectiveness of the replacement. As we have shown in Chapter III 
the Na+-dependent НСОз" transport mechanism is unlikely to involve an ami-
loride-sensitive Na+-H+-exchange system. 
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However, in this study we discovered a surprising effect of amiloride on 
enzyme secretion. These findings are reported in the next chapter (Chap-
ter VII). 
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AMILORIDE IS A CHOLINERGIC 
ANTAGONIST IN THE RABBIT PANCREAS 
CHAPTER VII 

Chapter VII 
AMILURIPE IS A CHOLÍHERGÍC А Ш б М З Т IN THE RABBIT PANCREAS 
7.1 SUMMARY 
The effect of amiloride on fluid and protein secretion in the isolated rab­
bit pancreas and on amylase secretion in rabbit pancreatic acini has been 
studied. Amiloride (1 mM) has no effect on the pancreatic fluid secretion, 
either in a normal incubation medium (143 mM Na*) or in a medium containing 
only 25 пМ Na+. The carbachol-induced enzyme secretion is inhibited by ami­
loride in both systems, whereas the enzyme secretion induced by the C-ter-
minal octapeptide of pancreozymin (PzO) is not affected. Amiloride also in­
hibits the carbachol-induced lt5Ca efflux from rabbit pancreatic acini, but 
again not that induced by PzO. 
The amiloride concentrations for half-maximal inhibition of carba­
chol-induced amylase secretion and l'5Ca efflux are 40 and 80 μΜ, resp­
ectively. Amiloride also competitively inhibits the specific binding of 3H-
quinuclidinyl benzylate to rabbit pancreatic acini, suggesting that the 
amiloride effect is due to competition on the level of the muscarinic ace­
tylcholine receptor. 
7.2 INTRODUCTION 
Amiloride has been known for a long time as an inhibitor of Na+-entry chan­
nels in tight (high-resistance) sodium-transporting epithelia with a half-
maximal inhibitory concentration of 10-6-10~7 M. In recent years amiloride 
has also been described as an inhibitor of the Na+/H+-exchange carrier in a 
variety of epithelial and non-epithelial systems (Benos, 1982), but this ef­
fect requires a concentration of about ΙΟ-1* M for half-maximal inhibition 
(Johnson et al, 1976; Kinsella and Aronson, 1981). 
In view of the proposed role of a Na+/H+-carrier in pancreatic fluid se­
cretion, we have investigated the effect of amiloride on fluid and enzyme 
secretion by the isolated rabbit pancreas and by isolated pancreatic acini. 
As we have described in Section 3.4.3 we do not find any effect of this 
drug on fluid secretion, even at low Na+ concentration. However, amiloride 
has a specific inhibitory effect on the carbachol-induced enzyme secretion, 
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but not on the PzO-induced enzyme secretion. Evidence is adduced suggesting 
an inhibitory action of amiloride on the acetylcholine receptor level. 
7.Ъ MATERIALS AW METHODS 
7.3.1 Isolated pancreas 
The isolated pancreas is prepared, mounted and incubated in a Krebs-
Ringer bicarbonate medium essentially as described in Section 2.3.1. The 
fluid secretion rate is determined by weighing S or 10 min samples. A 
preincubation period of one hour is followed by a control period of an­
other hour. Thereafter 1 шМ amiloride is added and one hour later either 
10~5 M carbachol or ΙΟ - 8 M Pz-OP is added to the bathing medium. The fluid 
secretion rate in the period with amiloride present is expressed as a per­
centage of the rate in the period before addition. 
In the ,low-Na+' experiments 118 nM NaCl is replaced by KCl after the 
preincubation period, leaving a final Na+-concentration of 25 nM. The Na +-
and ^-concentrations in the secreted fluid are determined by flame photo­
metry. The protein concentration in the secreted fluid is determined with 
a micro adaptation of the Lowry method (Lowry et at, 1951), using bovine 
serum albumin as a standard. The protein output is calculated from the flow 
rate and the protein concentration, and is expressed in mg/10 min. In some 
experiments 2 mM C-labeled sucrose is added to the medium of the isolat­
ed rabbit pancreas, and the amounts of radioactivity in samples of secret­
ed fluid and medium are analyzed by means of liquid scintillation spec­
troscopy as previously described (Jansen et al, 1979). 
7.3.2 Pancreatio acini 
Rabbit pancreatic acini are prepared essentially as described for acinar 
cells by Amsterdam and Jamieson (1974), except that the divalent cation 
chelating step is omitted. The method is based on two successive incuba­
tions with collagenase and hyaluronidase in a medium containing 0.1 nM Ca 2 + 
After this digestion the tissue is incubated in a medium containing 1.2 mM 
Ca2 and is dispersed by pipetting. The suspension is filtered through ny­
lon gauze and purified by centrifugation through a 4% (w/v) albumin layer. 
The intactness of the isolated acini is demonstrated by trypan blue exclu­
sion. For the determination of protein and DNA contents, the isolated acini 
are centrifuged in a Krebs-Ringer bicarbonate medium without albumin. The 
protein content of the resuspended acini is determined with the Lowry meth-
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od (Lowry et al, 1951), using bovine serum albumin as a standard. The DNA 
content is determined according to Schneider (1959), using calf thymus DNA 
(Sigma) as a standard. A value of 35 yg DNA.mg-1 protein is found. 
For secretion studies the acini from two pancreases are incubated at 
37 С in a 20 ml Krebs-Ringer bicarbonate medium as described before. The 
amylase activity in the medium is determined in 10-minute samples over a 
period of 80 min. Carbachol, Pz-OP and amiloride are added after 40 min 
incubation. At the end of the experiment the acini are homogenized. Amylase 
activity is measured in samples of medium and tissue homogenate, after ap­
propriate dilution, by means of the Phadebas test (Pharmacia, Uppsala, 
Sweden). The ratio of the amylase secretion rates after and before addition 
of the compounds is used as a measure for the effect of the stimulants and 
amiloride. 
For l*5Ca-efflux studies acini from two pancreases are incubated for 90 
min at 37 С in 1 ml Krebs-Ringer bicarbonate medium containing 0.1 mM Ca2* 
(including 2.5 uCi '*5Ca), 1% bovine serum albumin, 0.2 mg/ml trypsin-inhi-
bitor and an amino acid mixture. After dilution and washing by centrifuga-
tion, a 1-ml suspension of acini is placed in a 1-ml syringe over a small 
plug of glass wool. The acini are then perifused at a rate of 0.6 ml per 
minute with an isotope-free medium kept at 37 C. Of the perifusate 5-min 
samples are collected and the radioactivity of these samples is determined 
by liquid scintillation spectroscopy. At the end of the perifusion period 
the residual radioactivity in the acini is determined after acid destruc­
tion. The '*5Ca-efflux rate at a given time is expressed as percent of the 
radioactivity present in the acini at that time. Carbachol, Pz-OP and ami­
loride are added after 60 min incubation. 
7.3.3 Binding of [3H]-l-quinuolidinyl benzylate (3H-QNB) 
The binding of 3H-QNB to rabbit pancreatic acini is measured as follows. 
To 2 ml of a suspension of acini (0.1-0.2 mg/ml) in Krebs-Ringer bicarbon­
ate medium, containing 1% bovine serum albumin, 20 μΐ of a 3H-QNB solution 
(73.000 dpm/mmol; NEN, Dreieich, FRG) in the same medium is added, followed 
by either 200 yl dexetimide (47 μΜ; gift of Jansen Pharmaceutica, Beerse, 
Belgium) or 200 μΐ medium. The acinar suspension is gassed continuously 
with 95% O2 and 5% CO2 for 3 h at 37 0C. The KD value and the number of 
binding sites (Rp) are determined in a series of experiments in which the 
final H-QNB concentration is varied from 10-1500 pM with and without 
2.10 M amiloride. A dose-response curve is determined in a series of ex­
periments, in which the amiloride concertration is varied f rom 3. 10-7-3. ΙΟ-3 M 
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at a constant 3H-QNB concentration of 400 pM. The incubation is stopped by 
dilution of two 1-ml samples of the incubation mixture in 5 ml ice-cold 
0.9% NaCl, 5 nM Tris-HCl (pH 7.4) each. After 10 min the mixture is fil-
tered through glass filters (type GF 92, Schleicher and Schuil, Dassel, 
FRG), and washed three times with 5 ml stopping medium. The residual amount 
of the incubation medium is centrifuged for 1 min at 20.000 g in a Phywe 
PH 1 Minifuge (Göttingen, FRG), and Ι00-μ1 samples of the supernatant are 
taken for determination of the free 3H-QNB concentration. The filter and 
samples of the supernatant are suspended in a liquid scintillation vessel 
containing 1.3 ml Ι0Ζ sodium dodecylsulfate. After one hour 10 ml Picofluor 
(Packard Brussels, Belgium) is added and the mixture is counted. 
The specific binding is calculated by subtracting non-specific binding 
from total binding. Non-specific binding is determined at three different 
QNB concentrations above 400 pM as the binding remaining in the presence of 
dexetimide. Non-specific binding at each concentration is calculated from 
the binding data at the three QNB concentrations assuming that non-specific 
QNB binding is linearly related to the QNB-concentration. At 400 pM non­
specific binding amounts to 10-15% of total binding. The K»- and R~-values 
are obtained by Scatchard analysis of the data for specific binding of QNB. 
7.4 RESULTS 
7.4.1 Isolated pancreas 
The isolated rabbit pancreas spontaneously secretes a fluid, which is 
isotonic with the incubation medium and has the same Na+-concentration as 
the medium. Addition of amiloride, even at a concentration of 1 nH, has no 
effect on the rate of fluid secretion (Table I). Since the effects of ami­
loride are known to be antagonized by Na+, we have also tested the effect 
of the drug after replacing most of the Na+ in the incubation medium by K+. 
Again there is no effect of amiloride either on the secretion rate or the 
Na+-concentration of the secreted fluid, when compared with the greatly 
lowered values for these parameters in the low-Na medium before the addi­
tion of the drug (Table I). 
Addition of carbachol or PzO to the isolated rabbit pancreas leads to a 
marked increase in the rate of protein secretion (Fig. 1). Addition of ami­
loride (ΙΟ-3 M) blocks the effect of carbachol (ΙΟ-5 M) (Fig. ΙΑ), but has 
no effect on the protein secretion stimulated by Ю - 8 M PzO (Fig. IB). Ave­
rage protein secretion values for all experiments (in mg/10 min over the 
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T a b l e I EFFECTS OF AMILORIDE ON THE FLUID SECRETION RATE, AND ON THE SO­
DIUM CONCENTRATION OF THE SECRETED FLUID OF THE ISOLATED RABBIT 
PANCREAS INCUBATED IN NOWIAL AND LOW-Na+ MEDIUM 
normal 
(141 шМ Na +) 
normal 
(141 mM Na +) 
low Na + 
( 25 B M N a + ) H 
low Na + 
( 25 шМ N a + ) * 
amiloride fluid secretion rate Na+-concentration N 
(IO - 3 M) 
present (% of control) (mM) 
= 100 
109 ± 8 
7± 1.3 
6.5 ±0.4 
149 ± 2.5 
149 ± 2 . 2 
41 ± 2.6 
38 ± 4 . 0 
5 
5 
3 
3 
Averages with SE are given with the number of experiments listed in the 
last column (N). 
KNaCl in the incubation medium replaced by isosmolar amounts of KCl, re­
maining Na"·" concentration 25 ± 2.9 пМ. 
3 
о carbachol (10 M ) 
• carbachol • amiloride (10 Э М ) o P z O d O ' M ) 
• PzO «amiloride (10 3 M ) 
120 150 
Time (mm) 
120 150 
Time (mm) 
Fig. 1 Effect of amiloride on protein secretion by the isolated rabbit pan­
creas stimulated by (A) carbachol or (B) pancreozymin-octapeptide 
(PzO). Carbachol (ΙΟ - 5 M) and PzO (10"B M) are added with (·) and without 
(ο) ΙΟ - 3 M amiloride after 60 min incubation. Typical for five experiments 
in each case. 
period of 10 to 40 min after addition of the stimulant) are: 0.48 (SEM 0.074, 
n = 5 ) after addition of carbachol plus amiloride vs 3.47 (SEM 0.77, η = 7) 
after carbachol alone, and 2.38 (SEM 0.080, n = 4) after addition of PzO 
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plus amilorlde vs 1.56 (SEM 0.40, η=5) after PzO alone. Only the difference 
between the figures for carbachol stimulation is significant (P"0.003). Ami­
loride (ΙΟ-3 M) also blocks the previously reported (Jansen et al, 1979; 
Mélèse and Rothman, 1983) carbachol-induced increase in sucrose permeabili-
ty but not the increase induced by PzO (not shown). 
7.4.2 Panareatia acini 
Further experiments on the effects of amiloride on protein secretion have 
been carried out with isolated acini of rabbit pancreas, since this allows 
many more experiments per pancreas. Fig. 2A shows the effect of 10 M ami-
loride on the amylase secretion induced by various concentrations of carba-
chol. At this amiloride concentration the amylase secretion induced by : 
10_7-10~5 M carbachol is approximately half-inhibited, but ΙΟ"1* M carbachol 
nearly overcomes the inhibitory action of 10_l* M amiloride. At a fixed car­
bachol concentration of ΙΟ-5 M the amylase secretion decreases with increas-
12-
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Μ amiloride 
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7 6 5 Α 10 9 θ 
-log [carbachol] (Μ) -log [PzO] (M) 
Fig. 2 Effect of amiloride on amylase secretion by rabbit pancreatic acini 
stimulated by carbachol or pancreozymin-octapeptide (PzO). Results 
are expressed as the ratio of stimulated and basal amylase secretion. 
ing amiloride concentration, half inhibition being obtained at 4 χ 10 - 5 M 
amiloride (Fig. 3). However, amiloride, even at a concentration of ΙΟ-3 M, 
has no effect on the amylase secretion stimulated by PzO (10~10-10"8 Μ), 
(Fig. 2B), as we have also found for the protein secretion by the isolated 
rabbit pancreas. 
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τ 1 г 
А 3 
log [amiloride] (M) 
Fig. 3 Dose-response curve for effect of amiloride on amylase secretion by 
rabbit pancreatic acini stimulated by 10~5 M carbachol. Results are 
expressed as the ratio of stimulated and basal amylase secretion. Typical 
for three experiments. 
These findings suggest that either amiloride is an antagonist for carbachol 
on the acetylcholine receptor or that there is an amiloride-sensitive step 
in the stimulus-secretion process for the carbachol-induced enzyme secre­
tion, which is absent in the PzO-stimulated process. The latter possibility 
has been investigated by observing the effects of amiloride on the '*5Ca ef­
flux from pancreatic acini. Acini are preloaded with l*5Ca and then perifus­
ed with an isotope-free medium. 
Fig. 4 shows that addition of either ΙΟ-5 M carbachol or 10~8 MPzOleads 
to a 10- to 15-fold increase of the 1*5Ca efflux rate. The carbachol-induced 
^Ca efflux is nearly completely blocked by 10 M amiloride, whereas the 
PzO-stimulated efflux is not affected. The dose-response curve for the ami­
loride effect on the carbachol-induced 'f5Ca-efflux is shown in Fig. 5. The 
half-inhibitory concentration is 8x10 M, about equal to that for the in­
hibition of the amylase secretion at the same stimulatory concentration of 
carbachol. These findings indicate that the effect of amiloride on carba­
chol-induced enzyme secretion is exerted on a step preceding the increase 
in cytosolic calcium level. Most likely, this is the receptor binding step. 
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Fig. 4 Effect of amilo-
ride on l*5Ca ef­
flux from rabbit pancrea­
tic acini stimulated by 
carbachol or pancreozymin-
octapeptide (FzO). Acini 
are incubated with 0.1 mM 
Ca 2 + containing '*5Ca for 
90 min and are then peri-
fused with an isotope-
free medium. The agents 
are added after 60 min 
of perifusion. 
A. Stimulation by carba­
chol (ΙΟ - 5 M) with 
(·) and without (o) 
10 - 3 M amiloride. 
B. Stimulation by PzO 
(IO-8 M) with (·) and 
without(ο) 10~3 M ami­
loride. 
Typical for three experi­
ments in each case. 
Fig. S Dose-response 
curve for ef­
fect of amiloride on 
carbachol-stimulated 
'*
5Ca-efflux. Carba­
chol (IO - 5 M) and ami­
loride are added af­
ter 60 min perifu­
sion. The peak efflux 
rate measured 10 min 
after drug addition 
is plotted as a func­
tion of the amiloride 
concentration. Typi­
cal for three experi­
ments. 
τ 
A 3 
log [amiloride] (M) 
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7.4.3 Binding of 3H-QNB to pancreatia acini 
The interaction of carbachol with its receptor has been investigated 
with quinuclidynyl benzylate (QNB). This substance has been shown to be 
a suitable probe for the muscarinic acetylcholine receptor, including that 
in rat pancreatic acini (Larose et al, 1981). Non-specific QNB binding is 
not significantly affected by aniloride at any concentration tested. The 
specific binding of 3H-QNB to rabbit pancreatic acini is saturable and a 
KJJ value of 83 pM is determined from a Scatchard analysis (Fig. 6). The 
number of 3H-QNB binding sites is found to be 184 fmol.mg-1 protein or 5.2 
pmol.mg-1 DNA. 
Fig. 6 Scatchard plot for specific 
binding of 3H-QNB to rabbit 
pancreatic acini,(o) with 0.2 mM 
amiloride (o), without amiloride (o). 
Representative for four experiments. 
Average values with SEM from the four 
experiments are: Kj) control, 83 + 9 pM; 
KJJ amiloride, 670 ± 115 pM, ІЦ, control 
184± 23 fmol.mg-1 protein; R^ amilor­
ide 216 ±28 fmole.mg-1 protein. 
Ol 6.2 
Bound (pmole. mg"1 protein) 
In the presence of 0.2 mM amiloride the number of binding sites is not de­
creased, but the apparent K_ value is 8-fold increased to 670 pM. From this 
Krj value a Kj value of 28 μΜ is calculated. The effect of increasing the a-
miloride concentration from IO-5 to 3.10-3 M on the specific 3H-QNB binding 
at a fixed QNB concentration (400 pM) is shown in Fig. 7. Half-inhibition 
is reached at an amiloride concentration of 0.2 mM, corresponding with a Kj 
of 33 μΜ. 
I I3 
о control 
• + 0 2 m M Amiloride 
-log amilonde (M) 
Fig. 7 Dose response curve for effect of amilo-
ride on specific3 H-QNB binding. H-QNB 
concentration is kept constant at 400 pM. Av-
erage from four experiments. 
7.5 DISCUSSION 
The lack of an effect of amiloride on pancreatic fluid secretion, even in a 
low-Na+ medium (25 mM Na+), would seem to disfavour a role of a Na+/H+-ex-
change carrier in pancreatic fluid and electrolyte secretion (Swanson and 
Solomon, 1972,1975; Bonting et al, 1980a; see also Section 3.5.2). However, 
since Na+ is a competitive antagonist for amiloride on this carrier, still 
lower Na+ concentrations should be used. Unfortunately, at Na+ concentra-
tions below 25 mM the residual fluid secretion rate in the absence of ami-
loride falls below levels at which inhibitory effects can be determined 
with any confidence. Wizemann and Schulz (1973) found a 23-54% inhibition 
of the fluid secretion rate in the cat pancreas with 2-4 mM amiloride at 
130 mM Na+ but not with 1 mM amiloride. Hence, from the results to date no 
definitieve conclusion about the role of a Na+/H+-exchange carrier in pan-
creatic fluid secretion can be drawn. 
On the other hand, we find a clear inhibitory effect of amiloride on the 
carbachol-induced secretion, whereas no effect on the PzO-stimulated enzyme 
secretion is seen. It is unlikely that this effect is due to the specific 
inhibition of a Na+-channel, as present in tight epithelia, since for this 
type of inhibition lower amiloride concentrations (<I0-6 M) should be suf-
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ficient. In principle, the amiloride effect could be due to the inhibition 
of a Na+/H+-exchange carrier in the acinar cells, since the half-maximal 
inhibitory concentrations found in this study (40 μΜ for amylase secretion, 
80 μΜ for ^ 5Ca efflux) is about the same as that for inhibition of this 
carrier system in various tissues (Benos, 1982). This would mean that the 
Na+/H+-exchange carrier plays a role in the carbachol-stimulated enzyme se­
cretion but not in the PzO-stimulated enzyme secretion. 
However, there is ample evidence in the literature that the stimulus-se­
cretion coupling mechanisms for acetylcholine and pancreozymin are similar 
(Petersen, 1982). Moreover, amiloride also inhibits the carbachol-stimulat­
ed but not the PzO-stimulated '*5Ca-efflux, which indicates that the inhibi­
tion must take place in an early step in the stimulus-secretion coupling, 
most likely the receptor interaction. 
The experiments with 3H-QNB support the suggestion that amiloride acts 
directly on the acetylcholine receptor. QNB is known to act as a competi­
tive antagonist of the muscarinic acetylcholine receptor. The binding para­
meters found in our study of rabbit pancreatic acini (KQ = 83 pM; Rj = 
S.2 pmole.mg-1 DNA) are of the same order of magnitude as those reported for 
rat pancreatic acini (Кц " 300 pM; Rj. • 2.6 pmole.mg-1 DNA) by Larose et al 
(1981) who used the d,l mixture of QNB. We find that amiloride acts as a 
weak, competitive inhibitor with a K- of 28 yM in the 3H-QNB binding. This 
conclusion is further supported by the effect of amiloride on carbachol-
stimulated sucrose permeation in the pancreas found in our laboratory, 
since the latter effect also appears to be mediated by an acetylcholine 
receptor (Jansen et al, 1979). 
Amiloride has been shown to be a powerful tool in the study of Na+-chan-
nels in tight epithelia and of the Na+/H+-exchange carrier in a number of 
tissues. In recent experiments its use has shown that certain cellular growth 
factors act by stimulating Na+/H+-exchange in cultured cells (Molenaar et 
al, 1982; Pouysségur et al, 1982; Paris and Pouysségur, 1983; Rothenberg et 
al, 1983). However, in recent years other actions of amiloride have been 
reported: inhibition of the paracellular cation permeability in the gall-
bladder, comparable to the actionof 2,4,6-triaminopyrimidine (TAP) (Balaban 
et al, 1979), inhibition of protein synthesis (Fehlman, 1981), activation of 
a protein phosphatase (Le Cam et al, 1982), non-specific inhibition of pro-
tein kinases (Hollander et al, 1983) and dissipation of pH gradients through 
its being a weak base (Dubinsky andFrizzell, 1983). 
In this respect it is interesting to note that TAP also has a choliner-
gic antagonist-like action on the carbachol-stimulated tight junctional per-
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meability in the isolated rabbit pancreas (Section 6.4.1 and Jansen et al, 
1980a). It is 'unclear whether the above-mentioned effects of amiloride and 
the acetylcholine antagonist-like activity described in this chapter have 
a common mechanism of action. In addition, the present study indicates that 
great caution is required in the interpretion of experiments with chemical 
substances, which are not completely specific in their action. 
Another unexpected finding in the study with ion transport inhibitors 
described in Chapter III, is the stimulating effect of the glycoside oua-
bain on enzyme secretion, which is reported in the next chapter (Chapter 
VIII). 
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OUABAIN AND POTASSIUM INDUCED 
STIMULATION OF AMYLASE RELEASE 
CHAPTER VIII 

Chapter Vi l i 
OUABAIN AW POTASSIUM THDUCEV STIMULATION OF AIWLASE RELEASE 
8.1 SUMMARY 
Ouabain increases the enzyme secretion from the isolated rabbit pancreas and 
pancreatic fragments, but not from isolated pancreatic acini. The increase 
occurs after a delay of 45-60 minutes and is not accompanied by an increase 
in lactate dehydrogenase release. The stimulatory effect of ouabain (IO-5 M) 
is dependent on the presence of extracellular calcium, and is not antagoniz­
ed by Ю-1* M atropin, I0~h M propranolol, 10"5 M phentolamine, 10 - 3 M di-
butyryl cyclic GMP or 10 - 6 M tetrodotoxin. 
Elevation of the extracellular potassium concentration to 120 mM in the 
presence of ΙΟ-1* M atropin also increases the enzyme secretion from rabbit 
pancreatic fragments. The increase is again dependent on the presence of 
extracellular calcium and is resistant to adrenergic blockade and to tetro­
dotoxin. Forskolin also stimulates a Ca -dependent release of amylase from 
pancreatic fragments but not from pancreatic acini. 
In the presence of the phosphodiesterase inhibitor 3-isobutyl-l-methyl-
xanthine (IMX), ouabain (10-5 M) and K + (120 mM) cause an imnediate increase 
in the cyclic AMP content of pancreatic fragments, which does not occur in 
the absence of extracellular calcium. In pancreatic acini, the cAMP produc­
tion is only slightly increased by ouabain. In the absence of IMX, the cAMP 
levels in fragments or acini are not detectably altered by ouabain or K+. 
The results suggest that the stimulation of enzyme secretion by ouabain 
and high K + is an indirect effect, mediated by the release of an endogenous 
transmitter from non-cholinergiс, non-adrenergic nerves in the intact prep­
arations. The release and/or the effect of the transmitter appear to be med­
iated primarily by Ca2"1" and secondarily by cyclic AMP. 
8.2 INTRODUCTION 
The cardiac glycoside ouabain is a well-known inhibitor of the (Na++K+)-
ATPase system. Its ability to increase the force of contraction in a vari­
ety of contractile tissues has often been related to the inhibition of the 
sodium pump. The resulting increase in passive influx of sodium would bring 
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about a change in the transmembrane exchange flux of calcium, and the con-
sequent increase in intracellular calcium would evoke contraction (Akera 
and Brody, 1978). 
In the pancreas, ouabain can completely inhibit the (Na++K+)-ATPase-dep-
endent fluid secretion process (Ridderstap and Bonting, 1969a; Case and 
Scratcherd, 1974). The stimulated pancreatic enzyme secretion from isolated 
acinar cells is also sensitive to ouabain inhibition, although this effect 
is less pronounced than the effect on fluid secretion (Renckens et al·, 1981). 
Apart from its inotropic action in contractile tissues, ouabain has been 
reported to stimulate both spontaneous and evoked release of secretory prod-
uct in a variety of secretory tissues, e.g. adrenal medullary cells (Banks, 
1967; Pocock, 1983a), motor neuron terminals (Birks and Crawford, 1975; 
Milner and Hales, 1967), pancreatic islets (Milner and Hales, 1967; 
Donatsch et at, 1977), and brain cortex (Vizi, 1972). In some tissues the ef-
fect is dependent on the presence of extracellular calcium (Banks, 1967; 
Donatsch et al, 1977), in others it occurs also in the absence of extracel-
lular calcium (Pocock, 1983a; Baker and Crawford, 1975; Vizi, 1972). The 
time-dependence of the effect also differs for the various tissues. In the 
adrenal medulla and in brain cortex ouabain imnediately stimulates the exo-
cytotic release of secretory product (Banks, 1967; Pocock,1983a; Vizi, 1972) 
whereas in motor neuron terminals and in pancreatic islets the response of 
ouabain occurs only after a delay of about 30 minutes (Baker and Crawford, 
1975; Milner and Hales, 1967). 
In this chapter we describe a stimulating effect of ouabain on the en-
zyme secretion process in the isolated whole rabbit pancreas, in pancreatic 
fragments and in isolated pancreatic acini. The observation was first made 
in the study of the fluid secretion process in the isolated rabbit pancreas 
described in Chapter II. Since ouabain has been shown to interfere with cy-
clic AMP metabolism (Gagerman et al, 1979; Bakker and Groot, 1984; Katz and 
Tenenhouse, 1973), we have also studied the effect of ouabain on the cAMP 
levels in pancreatic fragments and acini. In parallel, we have studied the 
effect of raising the extracellular potassium concentration on enzyme se-
cretion and cAMP levels, and the effect of the adenylate cyclase-activator 
forskolin on enzyme secretion in pancreatic fragments. 
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8.3 MATERIALS AND METHODS 
8.3.1 Isolated pancreas 
The pancreas of male and female New Zealand white rabbits of 3-4 kg is 
prepared, mounted and incubated in a Krebs-Ringer bicarbonate (KRB) medium 
(37 0 C ) , essentially as described in Section 3.2.1. The KRB medium contains 
144 пИ Na+, 4.7 nM K+, 2.5 пМ Са 2 +, 1.2 шМ Mg 2 +, 131 пМ Cl", 25 mM HCOj-, 
1.2 шМ НгРОі,- and 5.5 пМ glucose (pH 7.4). The medium is continuously gas­
sed with carbogene (95% O2, 5% CO2). 
A preincubation period of 1 h is followed by a 1 h control period in 
fresh KRB medium. After the control period ouabain is added to the medium. 
The fluid secretion rate is determined by weighing 10-minute samples. The 
protein concentration in the secreted fluid is measured according to the 
Lowry method using bovine serum albumin as a standard. 
8.3.2 Panareatia fragments 
Fragments of 5-10 mg wet weight are cut from the part of the rabbit pan­
creas which is attached to the spleen. They are preincubated in 15-20 ml 
KRB medium, the composition of which is the same as described in the pre­
vious section. After 30 minutes of preincubation the medium is replaced, 
the fragments are divided over 8-12 vials and are incubated in volumes of 
2-3 ml. 
For the incubation in Ca2+-free medium, the fragments are first prein­
cubated for 20 minutes in normal Krebs-Ringer medium and then washed for 5 
minutes in Krebs-Ringer medium without Ca 2 + and with 0.1 mM EGTA. The frag­
ments are then preincubated for 10 minutes in a Krebs-Ringer medium without 
added Ca 2 + and without EGTA. The incubation is carried out in Ca2+-free 
Krebs-Ringer medium without EGTA. 
For the incubation in high K+-medium, a high K+ Krebs-Ringer medium is 
prepared by replacing 119 nM Na+ with 119 пМ K+ and addition of \0~k M a-
tropin. The fragments are preincubated for 30 minutes in normal medium sup­
plemented with IO-1* M atropin. The incubation is carried out in the high-K+ 
medium. 
For the incubation in low-Na+ medium, the fragments are first preincu­
bated for 20 minutes in normal Krebs-Ringer medium, and then they are wash­
ed and preincubated for another 10 minutes in a Krebs-Ringer medium in which 
119 шМ NaCl is replaced by 1 19 nil LiCl or by 202 mM sucrose. The incubation 
is carried out in the low-Na+ medium. 
Ouabain and forskolin are added at the start of the incubation period. 
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For the experiments with the phosphodiesterase-inhibitor 3-isobutyl-l-meth-
ylxanthine (IMX), the fragments are preincubated and incubated in the pres­
ence of IMX. 
From the start of each experiment 100 μΐ samples of the incubation me­
dium are taken at 15 minute intervals for the determination of amylase ac­
tivity. At the end of the experiment the fragments are homogenized in a 
Fotter-Elvehjem tube in the residual incubation medium. Amylase activity is 
measured in the medium samples and in the homogenste by means of the Fhade-
bas test (Pharmacia AB Chem., Uppsala, Sweden), modified for assay on a mi­
croscale. Amylase secretion is calculated as a percentage of the total amy­
lase content of the fragmente at the start of the experiment. 
For the determination of the cyclic AMP (cAMP) content, fragment samples 
containing 1.5-3.5 mg protein are taken at appropriate times and homogeniz­
ed in 0.5 ml of an ice-cold 1:1 mixture of 10% trichloroacetic acid (TCA) 
and Krebs-Ringer medium. The homogenates are centrifuged at 10.000 g for 2 
minutes, and 450 yl of supernatant is made up to 500 μΐ with 50 yl H2O and 
extracted three times with 5 ml of water-saturated ether. After addition of 
2-3 pmol 3H-cyclic AMP, the supernatant is further purified on a Dowex-50 W 
column, according to Krishna et al (1968). The cyclic AMP content of the ex­
tract is determined by saturation assay with cyclic AMP binding protein as 
described by Brown et at (1971). The cyclic AMP content of the fragments is 
expressed in pmol/mg protein. The TCA-pellets are dissolved in 500 μΐ 0.2 M 
NaOH and the protein concentration is determined by the Lowry method. 
8.3.3 Panereatia аогпг 
Rabbit pancreatic acini are prepared essentially as described for acinar 
cells by Amsterdam and Jamieson (1974), except that the divalent cation 
chelation step is omitted. The method is based on two successive incuba-
tions with collagenase and hyaluronidase in a medium containing O.lmMCa . 
After this digestion the tissue is incubated in a medium containing 1.2 шМ 
Ca 2 + and is dispersed by pipetting. The suspension is filtered through ny­
lon gauze and purified by centrifugation through a 4% albumin layer. The 
intactness of the isolated acini is demonstrated by Trypan blue exclusion. 
Acini from two pancreases are incubated in 8-10 volumes of 3.6 ml of the 
Krebs-Ringer bicarbonate medium described in Section 8.3.1, supplemented 
with 1% bovine serum albumin and an amino acid mixture according to Eagle 
(1959), and gassed with carbogene (37 C). For the experiments with IMX, 
acini are preincubated for 30 minutes in the presence of IMX. At appropri­
ate times, 50-100 μΐ-samples of the incubation mixture are rapidly centri-
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fuged at 10.000 g for 1 minute and 500 μΐ supernatant is used for the cy­
clic AMP assay. Standard solutions of cyclic AMP in incubation medium are 
treated in the same way. For protein determination, 200 μΐ of acinar sus­
pension is washed two times in 3.6 ml Krebs-Ringer medium without added al­
bumin. The acini are suspended in 200 μΐ 0.2 M NaOH and protein is measur­
ed according to the Lowry method. 
8.3.4. Materials 
Forskolin is obtained from Calbiochem., La Jolla, CA, U.S.A, tetrodo-
toxin and bovine serum albumin from Sigma, St. Louis, MO, U.S.A. The cyclic 
AMP binding protein is isolated from bovine adrenal cortex as described by 
Brownetal (1971). Cyclic 3H-AMP (15 Ci/mmol) is purchased from ICN, Ir­
vine, CA, U.S.A.; cyclic AMP from Boehringer, Mannheim, FRG; Dowex 50W-X8 
from Fluka, Buchs, Switzerland and activated charcoal (Norit, SX-1) from 
Norit, Amersfoort, The Netherlands. All other chemicals are commercial prep­
arations of the highest obtainable purity. 
8.4 RESULTS 
8.4.1 Effects of ouabain on the isolated pancreas 
In the isolated rabbit pancreas, ouabain decreases the rate of fluid se­
cretion immediately upon its addition (Fig. 1). After a delay of ca 45 min. 
the protein secretion is also affected, and it increases from 16 yg/min. to 
70 pg/min at 60 minutes after the addition of 10 - 6 M ouabain (mean of 5 ex­
periments). Addition of 10 - 5 M ouabain further decreases the fluid secretion 
rate, but does not increase the protein secretion beyond the level obtained 
with 10~6 M ouabain (Fig. 1). 
8.4.2 Effects of ouabain on fragments 
In pancreatic fragments, ouabain (IO-5 M) increases protein secretion 
(Fig. 2). After a delay of 60-90 minutes, amylase reíase is obviously in-
creased above that in the controls and it continues to increase for the re-
maining experimental period. At the end of that period, 35% of the total a-
mylase content of the fragments is released, which is a threefold increase 
as compared to the control (Table I). The stimulation of the amylase re-
lease by ouabain (IO-5 M) is not accompanied by an increased lactate dehy-
drogenase release (results not shown), indicating that the decreased amylase 
release is not due to cellular damage. 
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Table I EFFECTS OF OUABAIN, HIGH K^-MEDIUM, FORSKOLIN, CARBACHOL AND VIP 
ON THE AMYLASE RELEASE FROM RABBIT PANCREATIC FRAGMENTS 
. . , .experimental. Amylase release (—'• ζ ) J
 control 
medium 
Ouabain (10~5 M) 
+ atropin (ΙΟ - 5 M) 
+ propanolol (ΙΟ-1* M) 
+ phentolamine (10-lf M) 
+ dBcGMP (10~3 M) 
+ tetrodotoxin (ΙΟ - 6 M) 
normal 
3.1 ± 0 . 3 (17) 
3 . 3 ± 0 . 5 ( 4) 
2 . 9 1 0 . 6 ( 2) 
2 . 5 ± 0 . 6 ( 2) 
3.0 
2 . 3 ± 0 . 2 ( 2) 
C a 2 + - f r e e C a
2 +
 added 
( 2 . 5 шМ) 
normal + IMX 
( 3 . 1 0 " 5 M) 
0 . 9 ± 0 . 2 (5) 5.6 + 0.6 (4) 2 . 0 ± 0 . 4 (6) 
A l · *»"*» (ΙΟ" 1 · M) 2 . 7 ± 0 . 5 ( 3) 1 . 1 + 0 . 1 ( 3 ) 3.1 ± 0 . 5 (2) 2.0 + 0 . 5 ( 2 ) 
+ atropin (IO"1* M) 
High K + + propranolol (10 ^  M) 
(120 пИ) + phentolamine ( Ю - 5 M) 
+ tetrodotoxin (10 _ 6 M) 
Forskolin (3.10"5 M) 
Carbachol ( Ю - 5 M) 
VIP ( Ю - 7 M) 
2.1 ±0.2 ( 2) 
2.3±0.4 ( 5) 1.310.4 (3) 2.1±0.1 (3) 2.8±0.4 (2) 
5.0±0.5 (10) 
2.7±0.4 ( 5) 
Results are expressed as the ratio of the percentage amylase released in the 
experimental and the control in the incubation period of 0-165 min (ouabain 
and forskolin), 0-90 min (Ca2 -free medium), 30-165 min. (carbachol, VIP) or 
90-165 min. (Ca2+ added). Ouabain and forskolin are added at 0 minutes, car­
bachol and VIP at 30 minutes, and Ca 2 + is added to the Ca2+-free medium at 90 
minutes after the start of the incubation. Control values for the amylase re­
lease in percent of total per 15 minutes are: 0.9710.11 (normal medium, η ж 
17),0.79 ± 0.21 (Ca2+-free medium, η = 6) and 1.20 ±0.11 (normal medium with 
IMX, η = 4). (Means IS.Ε., η s number of experiments.) Data represent means 
with S.E. and number of experiments in parentheses. 
The stimulatory effect of ouabain on amylase release is dependent on the 
presence of extracellular Ca 2 +. Incubation in Ca^-free medium prevents the 
increase in amylase release from pancreatic fragments. However, upon the ad­
dition of 2.5 mM C a 2 + to the Ca2+-free incubation medium, the increase in 
amylase release occurs without a considerable delay (Fig. 2). The effect of 
ouabain is not significantly affected by atropin (10-1* Μ ) , propranolol (IO-1* 
M ) , phentolamine (10~5 M ) , dibutyryl-cyclic GMP (ΙΟ - 3 M) or tetrodotoxin 
(10~6 Μ ) , as shown in Table I. Replacement of Na + by Li + has no effect on 
the increase in amylase release, while replacement of NaCl by sucrose in­
hibits the response to ouabain (Fig. 2). 
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Fig. 1 Effect of ouabain 
on fluid secretion 
(-·-) and protein secre­
tion (o) in the isolated 
rabbit pancreas. The fall 
in the protein secretion 
rate in the 10-30 min -pe­
riod af ter addition of 10~5 
M ouabain, and the peak in 
the protein secretion rate 
in the 10-20 min-period 
after the removal of oua­
bain are due to the chan­
ges in the fluid secretion 
rate in these periods. Typ­
ical for 5 experiments. 
Time (h) 
80 
Fxg. 2 Effect of ouabain on the 
amylase release by rab­
bit pancreatic fragments. Frag­
ments are incubated in normal 
Krebs-Ringer medium (ο), or in 
normal medium with 10 - 5 M oua­
bain (Δ) or 10 - 5 M ouabain + 
\0~4 M atropin (A). The other 
incubations shown are with 10~5 
M ouabain in a Ca2+-free Krebs-
Ringer medium with Ca 2 + added 
at t=90 min (Q), or in a me­
dium in which 119 шМ NaCl is 
replaced by sucrose (7) or by 
LiCl (T). The effect of 10"5 M 
carbachol added at t=30 min is 
also shown (·). Typical for two 
to seventeen experiments. 
о control 
• carbacholdOjjM) 
Δ ouabain d C T ' M ) 
A ouabain· atropm (ICT^M) 
D ouabain, О mM Ca 2 * 
ν ouabain, MaCI-sucrose 
τ o u a t a m , Na*-.Li* 
Time (h) 
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в. 4.3 Effects of potassium and forskolin 
The effects of isotonic replacement of J19 mM Na + by K + (high-K+ medium) 
and of forskolin (3.10_ь M) on amylase release from fragments are shown in 
Fig. 3. In both cases the amylase release is increased. The effects closely 
resemble the stimulating effect of 10~5 M ouabain in magnitude and in depen­
dence on extracellular Ca 2 + (Fig. 3, Table I). However, the delay in the ef­
fect on amylase release is less in the high-K+ medium and in the presence 
of forskolin than in the presence of ouabain (Fig. 3). Carbachol (10 - s M) 
and VIP (10 M) obviously stimulate the enzyme secretion in the pancreatic 
fragments (Fig. 2, Table I). 
Fig. 3 Effect of a high-K+ medium and forskolin on the amylase release by 
rabbit pancreas fragments. Fragments are incubated in normal Krebs-
Ringer medium (o), in normal medium with 10 - 5 M ouabain (n) or 3.10-5 M 
forskolin (·), in Ca;>+-containing high-K+ medium (120 mM К + \0~h M atro-
pin (A) or in Ca2+-free high-K+ medium with Ca 2 + added at t=90 min (Δ). 
Typical for three experiments in each case. 
8. 4. 4 Effects of ouabain on acini 
In pancreatic acini, ouabain (IO-1* M) does not significantly affect amy­
lase secretion up to 210 minutes after its addition (Table II). Carbachol 
increases the amylase secretion by acini by a factor 3.5 (SE= 1.0, n = 5 ) , 
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Table II EFFECTS OF OUABAIN AND CARBACHOL ON THE AMYLASE 
RELEASE FROM RABBIT PANCREAS ACINI 
Ouabain ( Ю - 4 M) 
Carbachol (IO-5 M) 
Amylase re 
no IMX 
1.3±0.2 (6) 
3.5± 1.0 (5) 
lease -experimental, 
control 
ΙΟ"
1
* M IMX 
1.3±0.1 (3) 
2.7±0.4 (3) 
Results are expressed as the ratio of amylase released in the experi­
mental and the control in the period of 0-165 min. (ouabain) or 30-165 
min (carbachol). Ouabain is added at 0 min , carbachol at 30 min af­
ter the start of the incubation. Control values for the amylase release 
in percent of total per 15 minutes are 2.0 ± 0.5 (normal medium, n=6) 
and 3.6 ± 0.8 (normal medium + IMX, n = 3 ) . (Means ± S.E., η = number of 
experiments.) Data represent mean with S.E. and number of expriments in 
parentheses. 
which is not significantly different from that in fragments (5.0; SE -
0.5, n=- 10). 
8.4.S Effecte on oAMP level in fragments and асгпг 
Since it has been reported that ouabain may exert an effect on cellular 
mechanisms via an action on cAMP metabolism, we have also studied the ef­
fects of ouabain and of a high-K+ medium on the cAMP content of fragments 
and acini. 
Fig. 4A shows the time-dependence of the cAMP production in fragments in 
response to ouabain (10~5 M), high-K"1" medium and carbachol (ΙΟ-5 Μ), all in 
the presence of IMX. In fragments, ouabain (10~5 M) and high-K+ medium 
promptly increase the cAMP level up to five- to eightfold the control value 
at 60 minutes after the start of the incubation. This is reflected in an in­
crease of the cAMP content of the tissue from 7.5 pmol/mg (control) to 35-
55 pmol/mg. Thereafter, the cAMP level is lowered to 25-40 pmol/mg at 120 
minutes. Omitting Ca 2 + from the medium does not alter the control cAMP va­
lues, but abolishes the effects of ouabain and K+ on the cAMP levels. Car­
bachol ( Ю - 5 M) slowly increases the cAMP content of the fragments from 7.5 
pool/mg to 20 pmol/mg in 120 min , independently of the presence of extra­
cellular Ca2 (Fig. 4A). In the absence of IMX, no changes in cAMP levels 
can be detected. 
In pancreatic acini, in the presence of IMX and Ca 2 +, ouabain (IO-1* M) 
and carbachol ( Ю - 5 M) slightly increase the cAMP content of the tissue by 
a factor 1.5-2 relative to the control at 120 minutes after the start of 
the incubation (Fig. 4B). 
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Fig. 4 Effect of ouabain, 
high-K+ medium and 
carbachol on cAMP levels 
in rabbit pancreatic frag­
ments (A) and rabbit pan­
creatic acini (B). 
A. Fragments are incubated in normal Krebs Ringer medium with no additions 
(·), with 10~5 M ouabain (A), with ΙΟ-5 M carbachol in Ca2+-free medium 
(n) or with ΙΟ-5 M carbachol in Ca2+-containing medium (n) or in high K+ me­
dium (120 mM K ++ ΙΟ-1* M atropin (T). The curves for the cAMP levels upon 
incubation in Ca2+-free control medium with or without 10~5 M ouabain or 
in Ca2+-free high-K+ medium do not differ significantly from the control 
curve for incubation in normal Ca2 -containing medium (·), and are there­
fore not shown. Values are means with S.E. and number of experiments in 
parentheses. 
B. Acini are incubated for 120 minutes in normal Ca2+-containing Krebs 
Ringer medium (·) with ΙΟ-1* M ouabain (A) or with 10~5 M carbachol (•). 
Values are means with S.E. from four experiments. 
All media contain 10 M IMX. In the absence of IMX, the control and experimental 
values for cAMP levels during the 1 20 min incubation period do not reach above 
6 pmol/mg protein for fragments and acini, and are not significantly different 
from each other. 
8. S DISCUSSION 
In a variety of secretory tissues, ouabain has been shown to stimulate the 
secretory process (Banks, 1967; Pocock, 1983a; Birks and Cohen, 1968; 
Baker and Crawford, 1975; Milner and Hales, 1967; Donatsch et al, 1977; 
Vizi, 1972). The relation between the inhibition of the sodium pump and the 
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increased secretion appears to be mediated by an increase in intracellular 
Ca 2 + (Banks, 1967; Baker and Crawford, 1975; Donatsch et al, 1977; Pocock, 
1983b) analogous to the inotropic action of the cardiac glycosides on con­
tractile tissues (Akera and Brody, 1978). 
In this chapter we describe the stimulating effect of ouabain on the en­
zyme secretion by the exocrine rabbit pancreas. Surprisingly, the effect 
occurs in the whole organ preparation (in vitvo) and in fragments of pan­
creatic tissue, but not in isolated pancreatic acini. Therefore, a direct 
interference of ouabain with the Ca2+-mediated secretory process in the a-
cinar cell seems unlikely. However, the Ca2+-dependence of the ouabain ef­
fect suggests that it is related to some Ca -dependent process leading to 
enzyme secretion. The similarity of the effects of ouabain and the effects 
of increased extracellular K+-concentrations on amylase release and the 
cAMP level in pancreatic fragments suggests that these effects are due to 
the depolarizing action of both treatments. 
It has previously been reported that elevation of the extracellular K+-
concentration to 120 шМ stimulates amylase secretion in the isolated per­
fused cat pancreas (Argent et al, 1971), and elevation above 25 mM stimu­
lates enzyme secretion by pancreatic fragments of guinea pig and mouse 
(Benz et al, 1972; Scheele and Haymovits, 1980; Poulsen and Williams, 1977; 
Pearson et al, 1981a,1981b). Although the effect is inhibited by atropin in 
the perfused cat pancreas (Argent et al, 1971), it is not blocked by the 
cholinergic antagonist in guinea pig pancreatic lobules (Scheele and 
Haymovits, 1980; Pearson et al, 1981a). 
In the latter preparation, the stimulating effect of K+ depends on the 
presence of extracellular Ca 2 +, and it has been suggested that the ^-in­
duced secretion is associated with membrane depolarization and with the in­
flux of Ca2 from the extracellular medium into the acinar cell (Scheele 
and Haymovits, 1980). However, Williams et al (1976) showed that an extra­
cellular ^-concentration of 48 mM, which elicits a distinct rise in atrop-
in-resistant secretion in guinea pig pancreatic lobules (Scheele and 
Haymovits, 1980), does not affect amylase release in the isolated acinar 
cells of guinea pig and mouse. 
The lack of a stimulating effect of ouabain and K + in rabbit pancreatic 
acini, and the delay of the effect of ouabain on amylase release in pan­
creatic fragments found in the present study, suggest that the effects of 
ouabain and K+ are due to an indirect stimulation of the acinar cells. The 
direct effect would be the release of some endogenous hormone or transmit­
ter from endocrine or paracrine cells or intrinsic nerve endings present 
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in the intact organ and the fragments. The agonists would be released as a 
result of the slow depolarization by ouabain and the fast depolarization by 
high extracellular K+ of these s truc tures. The released substance cannot be a 
cholinergic or adrenergic transmitter or a CCK-like peptide hormone, since the ef­
fects are not blocked by the specific antagonists to these substances. 
Transmission that is neither cholinergic nor adrenergic has been observed 
in the guina pig pancreas and in the rat parotid gland (Pearson et at, 
1981b; Gallacher, 1983), and it has been suggested that VIP is involved in 
the pancreas (Pearson et al, 1981b) and substance Ρ in the parotid gland 
(Gallacher, 1983). Recently, also a ß-adrenergic component of enzyme secre-
tion involving cAMP as second messenger has been identified in rat pancreat-
ic segments (Pearson et al, 1984). 
Since tetrodotoxin and replacement of Na+ by Li+ do not abolish 
the ouabain- and K+-induced amylase release in the rabbit pan-
creatic fragments the effect cannot be mediated by the entry of Na+ through 
Na+-channels or by a high internal Na+ concentration. However, it is unclear 
why the replacement of NaCl by sucrose inhibits the ouabain-induced effect. 
It may be that the absence of permeant cations and anions retards the dis-
sipation of the ion gradients after pump inhibition, thus leading to a sup-
pression of depolarization and agonist release. 
It appears likely that the release of the putative transmitter or hor-
mone is due to the entry of Ca2+ through calcium channels in the cell mem-
brane. The requirement for extracellular Ca2+ in the glycoside-stimulated 
release of acetylcholine from parasympathetic nerves (Paton et al, 1971), 
of catecholamines from adrenal medulla (Banks, 1967) and of insulin from 
pancreatic islets (Donatsch et al, 1977) has previously been reported. 
These findings have been explained in terms of a Na+- or ^-gradient-de-
pendent influx of Ca2 into the cell causing release of the transmitter. 
It has also been suggested that an increased intracellular Ca2+-concen-
tration results from an inhibition of the Ca2 -efflux by ouabain (Amsterdam 
and Jamieson, 1974), possibly via a Na+-Ca2+-exchange system (Baker and 
Crawford, 1975). 
The role of cyclic AMP in the stimulating effect of ouabain and K+ re-
mains to be established. The fast increase in cAMP levels in pancreatic 
fragments, which does not occur in the acini, parallels the findings on a-
mylase release in the two preparations and suggests a close relation be-
tween cAMP and secretion. The Ca2+-dependence of both the cAMP response and 
the amylase secretion response suggests that the adenylate cyclase is acti-
vated directly or indirectly via a Ca2+-dependent mechanism leading to se-
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cretion. However, it is not clear whether the increase in cAMP levels medi-
ates the secretion or occurs only in parallel with it. The fact that the in-
crease in cAMP levels is observed only in the presence of the cAMP phospho-
diesterase inhibitor IMX, whereas the stimulating effects of ouabain and 
high-K* medium occur irrespectively of the presence of IMX, might suggest 
that the increase in the cAMP level is irrelevant for the stimulation of the 
enzyme secretion. However, it may well be that ouabain and K+-addition cause 
an increased turnover of cAMP, which can only be detected in the presence 
of IMX, and that this increased turnover stimulates enzyme secretion. The 
cAMP turnover would then have a role in some early step leading to secre-
tion, since the effects on cAMP occur in advance of the effects on amylase 
release. 
It is also unclear whether the cAMP level is increased in the ouabain-
stimulated nerves or endocrine cells, or in the acinar cells as a result of 
stimulation by the released agonist. If it occurs in nerves or other non-
acinar cells in the fragments, then the increase in these cells would have 
to be very high, because these cells form only a small minority in this 
preparation. It has been suggested that ouabain exerts a direct effect on 
the adenylate cyclase in fish intestine (Bakker and Groot, 1984), pancreat-
ic islets (Gagerman et al, 1979) and rat brain cortex (Katz and Tenenhouse, 
1973). The effect on the cAMP level found in these studies are of a magni-
tude comparable to those observed in our experiments. This suggests an a-
cinar rather than a nervous location of the effect in the pancreatic frag-
ments. 
However, it remains doubtful whether an increased cAMP level in the acinar 
cell, induced by either ouabain or a released agonist, is sufficient to 
bring about secretion in the rabbit pancreas. Forskolin, which is an acti-
vator of the adenylate cyclase, stimulates amylase secretion in rabbit pan-
creatic fragments but not in pancreatic acini. It has been argued that at 
least in the rabbit pancreas, cAMP merely has a potentiating role in enzyme 
secretion (Willems et al, 1984). However, the peptide hormone VIP, which 
acts via an increase of the cellular cAMP level, is a stimulant of enzyme 
secretion in rabbit pancreas fragments. Therefore, VIP or a related peptide 
which acts via cAMP and is present in the pancreas such as PHI (Porcine, 
Histidine, Isoleucine) or GRF (Growth Hormone Releasing Factor) (Pandol et 
al, 1984; Holst et al, 1982), may be involved in the stimulation phenomena 
observed in our study. 
In conclusion, we have shown that ouabain and high extracellular K+ stimu-
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late the secretion of pancreatic enzymes in the intact tissue preparations. 
The stimulation is probably the result of the release of an endogenons neur-
al or hormonal agonist, which release appears to be mediated by the influx 
of Ca2+. The role of cAMP is less clear. The nature of the involved neuro-
transmitters or hormones is not yet known. Any of the (neuro-)hormones, pres-
ent in nerves and islet cells scattered through the tissue, such as VIP, 
GRP, PHI, GRT, somatostatin, insulin, glucagon and pancreatic polypeptide 
could be involved in the observed stimulation of amylase release. 
The studies on ion transport mechanisms of pancreatic secretion, des-
cribed in Chapters II-VIII, mainly concentrate on the dynamical aspects of 
the secretion such as transport rate, permeability and regulation. Knowledge 
of the intracellular ion composition of the secretory cell would add use-
ful information to the results of these studies. For this purpose, we have 
applied the technique of analytical electron microscopy. We have studied 
the effect of the application of a high concentration of cryoprotectant on 
pancreatic secretion (Chapter IX), and we have determined the ion concen-
trations in the pancreatic acinar cell by electronprobe X-ray microanalysis 
(Chapter X). 
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EFFECT OF THE POLYMERIC 
CRYOPROTECTANT DEXTRAN ON 
FLUID SECRETION 
CHAPTER IX 

Chapter IX 
EFFECT OF THE POLVMERIC CWOmOTECUfiT VEXTKAN ON FLUW SECRETION 
9.1 SUMMARY 
In the isolated rabbit pancreas, the polymeric cryoprotectant dextran caus-
es inhibition of fluid secretion and an increase of the concentrations of 
Na+, K+ and Cl~ in the secreted fluid. Dextran does not affect the basal or 
pancreozymin-stimulated enzyme secretion. These effects of dextran can par-
tially be explained by the fact that it is osmotically active and does not 
permeate through the epithelium. The effect of dextran on water transport 
can be compensated by lowering the ion concentrations in the solvent of the 
cryoprotectant. 
It is concluded that in cryoprotected ion-transporting epithelia the ab-
solute ion concentration values obtained by X-ray microanalysis of frozen-
hydrated specimens may not be completely correct, but that valid conclu-
sions about intracellular ion distribution may still be drawn. 
9.2 INTRODUCTION 
In the cryopreparation of biological specimens for electronprobe X-ray mi-
croanalysis of diffusable elements high molecular-weight polymeric cryopro-
tectants, like dextran and polyvinylpyrrolidone, are used to suppress ice-
crystal formation (Echlin et al, 1977; Franks, 1977,1980; Franks et al, 
1977). It has been argued that these substances generally do not appear to 
interfere substantially and irreversibly with cell function (Echlinet al, 
1977). This would provide a definite advantage over low molecular-weight 
penetrating cryoprotectants such as DMSO or glycerol. 
Possible physiological effects of polymeric cryoprotectants have been 
tested on a variety of cells and tissues, but conflicting results have been 
obtained, especially on insect ion-transporting epithelia. Gupta et al 
(1976,1978) reported that 10% dextran (molecular weight 237.000) did not af-
fect secretion rates in Malpighian tubules of Rhodnius or in salivary glands 
of Calliphora to an appreciable extent. On the other hand, Echlin et al 
(1977) found that dextran (molecular weight 70.000), polyvinylpyrrolidone 
and hydroxyethylstarch may have considerable effect on fluid secretion in 
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these systems. In Rhodinus, 25% dextran virtually arrested the secretory 
activity, while in salivary glands of Calliphora, a 25% reduction in fluid 
secretion rate was observed. Barnard et al (1980) reported a 50% reduction 
in fluid secretion in Cat liphora salivary glands with 25% dextran (molecular 
weight 200.000), but the K + concentration in the secreted fluid was not mar­
kedly affected. 
No data are available on rabbit pancreas or any other mammalian ion-
transporting epithelia. Therefore, the effects of dextran on ion and water 
transport in the isolated rabbit pancreas have been investigated. An at­
tempt is made to explain the physiological basis of these effects. 
9.3 MATERIALS AND METHODS 
Male and female New Zealand white rabbits, weighing 2-3 kg, are killed by a 
sharp blow on the neck, immediately followed by exsanguination. The pancreas 
is removed from the animal and prepared, and incubated as described in Sec­
tion 2.3. 1. 
During the first hour, the pancreas is preincubated in a balanced Krebs-
Ringer bicarbonate medium (KRB medium), containing (in mM): Na + 143.5, K + 
4.9, Ca 2.5, Mg 1.2, HCO3" 25.0, Cl" 130.7, Η^Ο,," 1.2, glucose 5.5 (ρΗ7.4). 
After this period the bathing medium is replaced by normal or diluted KRB 
medium with 20% (w/w) dextran T-70 (Pharmacia Fine Chemicals AB, Uppsala, 
Sweden), Mw 73.100. The Na +, K + and Cl~ concentrations in the normal and 
diluted KRB medium are given in Table I. The other ionic concentrations in 
the diluted KRB medium are changed proportionally. In some cases, ΙΟ-8 M 
pancreozymin-C-octapeptide (Pz-0P) is added to the dextran-KRB medium after 
one additional hour. The octapeptide was synthesized by dr H.M. Rajh et al (1980a). 
(1980a). Finally, the dextran-KRB-medium is replaced by normal KRB medium. 
The following parameters of the secreted fluid are measured: the volume 
of the fractions by weight, Na + and K + concentrations by flame spectropho­
tometry, CI - concentration by electrometric titration using an Aminco-Cot-
love Automatic Chloride Titrator, and protein by the Lowry method. The os-
molarity of the bathing medium is determined by measuring the freezing 
point depression with an Osmette A automatic osmometer (Precision Systems 
Inc., Sudbury, Massachusetts), and the Na +, K + and CI - concentrations in 
the bathing medium are determined by the methods used for the secreted 
fluid. 
136 
9.4 RESULTS 
During the first hour of incubation in the normal KRB medium, the pancreas 
secretes a clear, alkaline fluid with a secretion rate varying from 10 to 20 
μΐ/min. In an initial experiment, the medium is replaced by normal KRB me­
dium with 25% (w/w) dextran. In that case, secretion stops almost complete­
ly, so that no data on ion composition of secreted fluid can be obtained. 
Hence, all further experiments are carried out with 20% (w/w) dextran. This 
gives a reduced but measurable fluid secretion with elevated Na+, K + and 
CI- concentrations (Fig. 1). 
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pancreozymin (1ÍM) 
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Fig. 1 Effect of dextran (20% w/w) on fluid secretion rate ( ), ion con­
centrations in the secreted fluid ([Na+]
s
, (o); [K +]
s
, (Δ) ; [Cl-]
s
, 
(n), and basal and pancreozymin-C-octapeptide-stimulated enzyme secretion 
(·) of the isolated rabbit pancreas. 
Fluid secretion rate and ion concentrations in the secreted fluid reach a 
plateau at about 30 min after replacement of the medium. The fluid secre­
tion rate drops to 22% of its original level, the Na+ concentration in the 
secreted fluid increases from 162 to 201 mM, the K+ concentration from 7.4 
to 8.7 mM and the Cl~ concentration from 71 to 120 mM (Table I). As the se-
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Table I EFFECT OF DEXTRAN IN KRB MEDIUM ON FLUID SECRETION RATE AND ION 
CONCENTRATIONS IN THE SECRETED FLUID OF THE ISOLATED RABBIT PAN-
CREAS 
Incubation medium 
Ion concentrations (mM)* Osmo- Flow rate 
larity 
N Na+ K+ Cl" (mOsm) (% of control) 
Secreted fluid 
Ion concentrations (mM) 
Na* K+ Ci-
Normal KRB 
medium 6 151+3 5.8 + 0.3 135 + 3 293 ± 2 
(control) 
Normal KRB 
medium + 3 153 ±4 5.9 ±0.7 140 ± 5 404 ± 4 
20% dextran 
100 162± 2 7.4 + 0.4 71 + 1 
Diluted 
KRB medium 
+ 20% 
dextran 
3 105 ± 2 4.0±0.1 99 ± 1 304 + 5 
22 + 5 201 + 2 8.7±0.7 120±7 
44±9 152±6 8.6±0.5 79 ± 7 
Values are taken from the 30-90 min period after the addition of dextran. 
Averages with SE of the mean are shown (N » number of experiments). 
^Measured concentrations in the incubation medium 
creted fluid contains Na+, K+, CI- and HCO3- as the major ions, it can be 
calculated that the HCO3- concentration in the secreted fluid is not signi-
ficantly affected. 
The composition of the secreted fluid suggests that the osmolarityof the 
bathing medium increases upon the addition of dextran. Although the molar 
concentration of 20% dextran is only about 3 mM, the osmolarity of the nor-
mal KRB medium with 20% dextran, as determined by measuring the freezing 
point of the solution, is 404 mOsm as compared to 293 mOsm for the normal 
KRB medium without dextran (Table I). The high apparent osmotic activity of 
ions and non-electrolytes (Bonting et al, 1980a). Water is presumed to fol-
low the active transport of ions osmotically, thus maintaining the isotoni-
city of the secreted fluid (Curran and Mcintosh, 1962; Diamond, 1964; Sackin 
and Boulpaep, 1975). 
The permeability of the pancreatic epithelium for a large non-electro-
lyte is related to the size of the molecule. The epithelium can be consid-
ered to be virtually impermeable for molecules of the size of dextran 
(Dewhurst et al, 1978; Jansen et al, 1979). In compensation for the osmotic 
load of dextran in the lateral intercellular spaces, the ion concentrations 
in the lumen and hence in the secreted fluid are increased. Thus, while the 
Na+ and K+ concentrations in the secreted fluid are normally about the same 
as in the bathing medium, they are now higher than those in the bathing me-
dium. Other non-penetrating molecules, such as sucrose, have been shown to 
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exert a similar effect on the ion concentrations in the pancreatic secre­
tion (Case et al, 1968; Dewhurst et al, 1978; Bonting et al, 1980b). 
The increase in the concentration of the major secreted cations plus an­
ions (96 πΜ, Table I) is not equivalent to the increase in the osmolarity of 
the KRB medium due to the addition of 20% dextran (111 mOsm, Table I). This 
deviation may, in part, be due to the inadequacy of the freezing point de­
pression measuring-method to determine the osmotic pressure of a concen­
trated polymer solution precisely. However, the physiological response of 
the pancreatic secretory epithelium to the dextran-containing medium clear­
ly shows that this medium is considerably hypertonic to the tissue. 
The inhibition of fluid transport by dextran is, at least partially, an 
osmotic effect. If the necessity to maintain an increased concentration of 
ions in the lumen were the only factor causing a reduction in water trans­
port, then an osmotic load of 20% dextran (111 mM mOsm) in normal KRB me­
dium would be expected to cause a 25% reduction in fluid secretion rate. 
Actually, we find a reduction of 78%, so there must be an additional effect 
of dextran on ion and water secretion. This additional inhibitory effect is 
not specific for dextran, but is also shown by other non-penetrating mole­
cules such as sucrose and xylose (Case et al, 1968; Dewhurst et al, 1978; 
Bonting et al, 1980b). 
It might be the increased luminal concentrations of Na+, K+ and CI - and 
thus the required increase of the negative luminal electrical potential, or 
a decreased water permeability of the epithelium due to the increased osmo­
larity of the medium (Diamond, 1966). Since the inhibitory effect of dex­
tran is dependent on its osmotic activity, it will be dependent on its con­
centration. In fact, when the concentration of dextran in the normal KRB me­
dium is increased from20%to 25%, which is thought to be the concentration 
required for an effective cryoprotection, pancreatic fluid secretion is in­
hibited almost completely. 
In the diluted dextran-KRB medium, the decrease of the ion concentra­
tions in the bathing medium would also account for the reduced fluid secre­
tion rate. A similar effect on fluid secretion rate and ionic composition 
of the secreted fluid as in the diluted dextran-KRB medium is observed when 
part of the NaCl in the bathing medium, viz. АО πΜ, is replaced by an iso­
tonic amount of sucrose (Case and Scratcherd, 1974; Bonting et al, 1980a). 
In addition, any direct inhibitory effect of dextran on ion and/or water 
transport might be contribute to the reduction in fluid secretion rate, in 
this case, too. 
We expect that the results obtained in this study have general validity 
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for the addition of an osmotically active polymeric cryoprotectant to the 
serosal side of an isotonically transporting secretory epithelium. They 
should also be applicable to the primary secretion of non-isotonically 
transporting epithelia. In both cases, addition of cryoprotectant to the 
bathing or perfusing medium will lead to an increase in the luminal ion con-
centrations. Since ion and water transport are disturbed, the intracellular 
ion concentrations (expressed as mmol/l or mmol/kg wet weight) may also be 
affected. This should be taken into account in the X-ray microanalysis of 
frozen-hydrated specimens. The undesirable side-effects of the cryoprotec-
tant will be enhanced with increasing concentration, and thus increasing 
cryoprotective effect, of the substance. 
However, although the absolute values of the concentrations obtained by 
X-ray microanalysis of cryoprotected tissues may be questioned, this does 
not a priori exclude a valid comparison of intracellular ion distribution 
in various physiological states of the tissue by this technique. 
The effect of dextran on the intracellular ion concentrations in the a-
cinar cells of the rabbit pancreas is studied in the next chapter (Chapter 
X) by X-ray microanalysis of frozen-dried tissue sections. 
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INTRACELLULAR ION CONCENTRATIONS 
IN ACINAR CELLS DETERMINED BY 
X-RAY MICROANALYSIS 
CHAPTER X 

Chapter Χ 
IWmCEUULAR ION CONCENTRATIONS IN ACINAR CELLS 
OETERMINEP ВУ X-RAV MICROANALYSIS 
10.1 SUMMARY 
The intracellular concentrations of Na, K, CI, Ca, Ρ and S in pancreat­
ic acinar cells are determined by energy-dispersive X-ray microanalysis of 
frozen-dried, plastic-embedded tissue sections. In the acinar cells of the 
isolated rabbit pancreas the concentrations of these elements in the basal 
part of the cytoplasma are: Na 20 ± 4.1, К 150 ± 4.8, CI 25 ± 1.2, 
Ca 0.5 ± 0.16 (means! SE, mmol/l cell H2O) and Ρ 0.32 ±0.02, S 0.08 ±0.01 
(means±SE, P/B ratio). The concentrations in the apical cytoplasma are: 
Na 15 + 3.9, К 142±5.1, CI 30 + 2.0, Ca 3.6 ± 0.56, and Ρ 0.24±0.02, 
S 0.09±0.01. The average intracellular ion concentrations, as measured by 
wet chemical analysis are: Na 24 ± 2.1, К 126 ±8, Cl 33 ± 5. 
Ouabain (10~5 M) increases the cellular Na and CI concentrations and the 
cytoplasmic Ca concentration, and decreases the cellular К concentration. 
Dextran (20%) increases the cellular Na,K,Cl,Ca and Ρ concentrations, sug­
gesting a loss of intracellular water. Carbachol (ΙΟ-5 M) increases the con­
centrations of Na, CI and Ca in the basal cytoplasma and the nucleus, but 
has no effect on the К concentration. This suggests an increased permeabi­
lity of the acinar cell membrane to Na, CI and Ca, leading to an influx of 
these ions from the extracellular space upon stimulation by carbachol. 
10.2 INTRODUCTION 
In the study of epithelial transport, knowledge about the intracellular ion 
concentrations may be helpful to elucidate the role of the epithelial ion 
transport mechanisms. In the pancreas, the ion concentrations in the enzyme 
secreting acinar cells and the fluid secreting ductular cells are related to 
the ion transports involved in these secretory processes. 
A technique, which allows a quantitative determination of the ion com­
position of a biological tissue, is electron probe X-ray microanalysis. The 
technique is based on the generation of X-rays in an electron-irradiated 
specimen, and combines the visualization of a biological specimen with an 
analytical resolution at the subcellular level. The major problem encoun-
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tered in X-ray microanalysis (XRMA) is to keep the ionic distribution un­
changed during preparation of the tissue prior to analysis. This requires 
rapid freezing of the tissue and appropriate handling of the frozen tissue 
(Morgan, 1980). One commonly used preparative procedure is the cryosection-
ing of the frozen tissue and subsequent analysis of tissue sections in the 
frozen-hydrated or in the frozen-dried state. In our study, we have applied 
the method introduced by Ingram and Ingram (1975), which offers the advan­
tage that thin sections with a clearly visible tissue morphology can be ob­
tained without the need for a cryoultramicrotome. The method involves 
freeze-drying, OsO^-vapour fixation and plastic embedding of the tissue, 
followed by cutting thin sections. 
In this chapter, we report the results obtained by XRMA of the rabbit 
pancreas, prepared and incubated as described in Section 2.3.1. Since it 
appeared very difficult to identify and analyze a sufficient number of duc-
tular cells, we have studied the ion composition of the acinar cells. We 
have analyzed tissue treated with the cryoprotectant dextran, the Na -pump 
inhibitor ouabain, and the cholinergic agonist carbachol. For the purpose 
of comparison, we have also carried out chemical analysis of the Na , К and 
CI concentrations of isolated acinar cells. 
The inhibitory effect of ouabain on the fluid secretion process has been 
extensively investigated in the pancreas of the cat and rabbit (Ridderstap 
and Bonting, 1969b; Case and Scratcherd, 1974). The effect would have to be 
accompanied by an increase of the intracellular Na+ concentration and a de­
crease of the K + concentration. 
In Chapter IX we have studied the inhibitory effect of the osmotically 
active cryoprotectant dextran on the fluid secretion of the isolated rab­
bit pancreas. The results obtained in that study suggest that dextran in­
creases the concentration of osmotically active intracellular substances 
such as K+, and possibly also Na+ and CI - in the pancreatic cells. 
Acetylcholine and its analogue carbachol are potent stimulants of the 
Ca2+-mediated enzyme secretion (Williams, 1980). Stimulation of the acinar 
cell leads to membrane depolarization due to an increase in membrane con­
ductance (Nishiyama and Petersen, 1974), which is probably the result of an 
increased membrane permeability for Na+, Cl~ and K + (Petersen, 1980). The 
results of XRMA and of the chemical analysis of isolated cells are in good 
agreement with each other. Ouabain affects the intracellular elemental con­
centrations in accordance with its known action on the sodium pump, and 
dextran by its osmotic effect. In addition, stimulation of the secretory 
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process by carbachol is found to be accompanied by an increase of the intra­
cellular Na and CI concentrations. 
20.3 MATERIALS AND METHODS 
10.3.1 Preparation of tissue and standards 
Male and female New Zealand white rabbits are used. The animals are kil­
led by a blow on the neck followed by carotic exsanguination. The pancreas 
is prepared as described in Section 2.3.1 and incubated in Krebs-Ringer me­
dium of the composition given in Section 2.3.1. After preincubation and con­
trol incubation periods in normal KKB medium of one hour each, ouabain 
(10~5 M) is added to the medium or the medium is replaced by a fresh KRB me­
dium containing 20% (w/w) dextran T-70 (Pharmacia Fine Chemicals AB, 
Uppsala, Sweden), Μ„ 73100. 
For cryofixation, the pancreas is removed from the bathing medium and a 
small part of the tissue is quickly frozen by pressing against a polished 
silver-coated copper pin, chilled in liquid N3 (-196 C). The frozen part 
of the tissue is rapidly excised from the remaining tissue. Two additional 
pieces of tissue are frozen as intervals of approx. 2 minutes. In the case 
of carbachol stimulation the tissue is, after freezing the control pieces, 
again incubated in the KRB medium, and ΙΟ-5 M carbachol is added to the me­
dium. After 5 minutes, the stimulated tissue is taken out for cryofixation. 
Standard solutions for XRMA are prepared from a 20% (w/v) bovine serum 
albumin solution by adding various concentrations of inorganic salts. The 
albumin is dialyzed and f reeze-dried before the preparation of the standards in or­
der to remove low amounts of contaminating Na+ and Ca . The standard solu­
tions are sprayed into melting N 2 and the frozen droplets collected in gel­
atin capsules before freeze-drying. 
Standards and tissue blocks (ca 5 mm3) are frozen-dried at -85 С for two 
days and then brought to 10 С The specimens are fixed with osmic acid va­
pour (0.1 g) in the freeze-drying apparatus overnight, and embedded in va­
cuum in carefully evacuated Epon 826 with a low CI content. Sections of tis­
sue and standards (0.5-1 ym) are cut on a Reichert OmU3 ultramicrotome with 
a glass knife coated with PTFE (polytetrafluoroethyl (ErifIon). The sections 
are collected on titanium grids. The grids have previously been soaked in a 
solution of Sellotape in chloroform to promote adherence of the sections. 
Before analysis the grids with the sections are carbon-coated in order to 
prevent charging of the specimen during analysis. 
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10.3.2 Isolated aainar aetls 
Acinar cells are prepared according to the method of Amsterdam and 
Jamieson (1974). The cells are incubated in KRB medium (37 C) for 60 min, 
washed in 30 volumes of 0.25 M sucrose and resuspended in 0.125 MHNO3. The 
acid extract of the cells is centrifuged at 10.000 g for 1 minute and the 
supernatant is assayed for Na and К by flame spectrophotometry and for CI 
by electrometric titration. The protein content of the pellet is determin­
ed by the Lowry method. The ion concentrations in the isolated cells are 
expressed in mmol/g protein and converted to mmol/l cell ІЪО, assuming a 
protein content of 22 mg protein/100 μΐ cell H2O. 
The Na and К concentrations of the standards are also determined by 
flame spectrophotometry, the CI concentration by electrometric titration, 
and the Ca concentration by atomic absorption spectrophotometry. 
10.3.3 X-ray microanalys-is and calculation methods 
Energy-dispersive X-ray microanalysis is carried out in a Camebax MB 1 
electron probe microanalyzer equipped with a US Microtrace solid state de­
tector, which is interfaced to a Tracor Northern TN 2000 computer system. 
The accelerating voltage is 35 kV and the probe current is stabilized at 
approx. 5 nA. The probe diameter is 0.2-0.5 ym and the analyses are carried 
out with a static probe at a magnification of 800-3000 x. The analysis time 
is 100 sec and the electron beam is automatically controlled for up to 30 
analysis points. 
The peak and background X-ray intensities are calculated by means of a 
XML multiple least squares fitting program (Fig. I). The background region 
selected is between 2.51 and 3.52 keV, which is a region with a relatively 
large contribution of the specimen continuum radiation (Roomans and ; 
Kuijpers, 1980). A correction for extraneous background radiation from the 
titanium grid and the osmium in the specimen is carried out by subtracting 
a fixed fraction of the titanium and the osmium peaks from the total back­
ground intensity (Fig. 1). The fractions have been determined from pure Ti 
and 0s standards. The data are expressed as peak to background ratio (P/B 
ratio) and those from the pancreatic tissue are converted to mmol/l cell 
vol, using calibration curves obtained with the albumin standards. 
In this procedure it is assumed that the background intensity is an ade­
quate measure of the mass of the analyzed volume. It should be noted that 
this quantification method only yields correct results if the volume changes 
during freeze-drying are equal for tissue and standards, and if the back­
ground intensity per unit volume of the plastic embedded tissue is identical to 
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Fig'. J Evaluation of X-ray spectra for calculation of intracellular ion con­
centrations. 
A. Energy dispersive X-ray spectrum of a pancreatic acinar cell with char­
acteristic peaks of Na, Mg, Al, Os, Ρ, S, Cl, К, Ca and Ti. The Ti peak is 
derived from the grid, the Os peak from Os bound to cell components during 
OsOit-vapour fixation, the Al peak is from an unknown origin. Accelerating 
voltage 35 kV, data collection 100 sec; B. Net peak intenstities of the X-
ray spectrum shown in Α., computed with the XML multiple least squares fit­
ting program; C. Net peak intensities after correction for the Ti and Os 
peaks; D. Background spectrum of the X-ray spectrum shown in A. after cor­
rection for the background from Ti and Os. 
P/B ratios for standards and pancreatic tissue are expressed as the ratio of 
net peak intensity to background intensity in the 2.51-3.52 kV region. 
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that of the embedded standards. The latter is the case, when the mass densities of 
the frozen-dried tissue and the standards are equal and the volume fraction of the 
tissue and the standards are also equal. The data (in mmol/l cell vol) are 
converted to mmol/l cell H2O by assuming a cellular water fraction (v/v) 
of 80%. 
10.4 RESULTS 
The appearance of the frozen-dried plastic-embedded standard droplets as 
observed in the electron microsope is shown in Fig. 2. The diameter of the 
Fig. 2 Scanning transmission electron micrograph of 
frozen-dried OsOij-fixed standard droplets. 
The droplets contain NaCl (100 mM) , KHSÛ!, (50 шМ) 
and KHCO3 (100 mM) in 20% albumin, embedded in Epon 
826 and sectioned at 0.7 μιη. Note the ice crystal 
damage (arrow) and the hole in the upper right drop­
let (arrowhead). Magnification 3000x, bar = 1 ym. 
droplets varies from about 10-40 um. Occasionally, freeze damage and holes 
in the inner droplet are observed (Fig. 2). Calibration curves for the ele­
ments Na, K, CI and Ca present in the standard droplets, shown in Fig. 3, 
appear to be virtually linear. The non-zero intercept of the calibration 
curve for CI is due to the presence of a small amount of CI in the Epon 826. 
The ultrastructure of the pancreatic tissue as observed in STEM mode is 
shown in Fig. 4A,B. The outer layer of the tissue, approx. one cell layer 
deep, is usually well-frozen (Fig. 4A). In deeper regions, ice crystal dam-
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Fig. 3 Calibration curves for Na, CI, К and Ca from standard droplets. The 
droplets contain NaCl + KHSO^ + KHCO3 (Na, CI, K) or CaCl2 + MgCl2 + 
NaCl (Ca). Values with SE of 30-75 measurements are shown. 
age is frequently observed (Fig. 4B). The electron probe X-ray microanalys­
is is carried out in those tissue areas where the ice crystals are suffi­
ciently small (<1 pm) to permit analysis with a satisfactory resolution. 
Centroacinar and ductular cells are rarely recognized, and the analysis has 
therefore been restricted to acinar cells. In these cells, three different 
cell compartments can be distinguished: 
1. the basal region of the cytoplasma surrounding the nucleus with the ela­
borate rough endoplasmic reticulum 
2. the nucleus, and 
3. the apical region of the cytoplasma where the zymogen granules are locat­
ed. 
Zymogen granules are sometimes visible in the apical cytoplasma (Fig. 4A). 
Mitochondria cannot be distinguished. 
The results of the XDMA of pancreatic acinar cells are shown in Table I, 
and are expressed as mmol/l cell H2O for Na, CI, К and Ca, and as P/B ratio 
for Ρ and S. In the controls, the Na concentration in the basal cytoplasma 
is slightly, but not significantly higher than in the apical cytoplasma and 
the nucleus. 
The CI concentration in the basal cytoplasma is significantly lower than 
in the apical cytoplasma. Also the Ca and S concentrations in the basal cy-
149 
Table I ELEMENTAL CONCENTRATIONS OF PANCREATIC ACINAR CELLS HEASURED BY ELECTRON PROBE X-RAY MICROANALYSIS OF 
FROZEN-DRIED PLASTIC-EMBEDDED TISSUE SECTIONS 
c o n t r o l a c i n a r c e l l s 
(chem. a n a l . ) 
Control (XMRA) 
Basal c y t o p l a s m a 
Nucleus 
Apica l c y t o p l a s m a 
Ouabain 
Basa l c y t o p l a s m a 
Nucleus 
A p i c a l c y t o p l a s m a 
Dextran 
B a s a l c y t o p l a s m a 
Nucleus 
A p i c a l c y t o p l a s m a 
Carbachol 
Basa l c y t o p l a s m a 
Nucleus 
A p i c a l c y t o p l a s m a 
N 
11 
17 
6 
15 
14 
10 
13 
18 
θ 
15 
17 
14 
17 
Na 
(mme 
24 ± 1.4 
20 ± 4 . 1 
1 3 ± 5 . 9 
15± 3.9 
100± 8 . 9 £ 
71 ± 8 . 5 f 
8 5 ± 6 . 6 f 
30± 6 .0 
16±10.4 
16± 4 . 7 
31 ± 6 . 0 
19 + 6 . 3 
14± 2.9 
CI 
i l / l i t e r c e l l 
33 ± 4 . 7 
2 5 ± 1.2 
35 ± 3 . 6 a 
3 0 ± 2 . 0 a 
4 6 ± 2 . 1 f 
5 0 ± 2 . 9 e 
4 9 ± 3 . 1 f 
4 6 ± 2 . 1 f 
5 4 ± 3 . 0 f 
51 ± 3 . 4 f 
51 ± 3 . 4 f 
4 8 + 1 .6 f 
3 6 ± 2 . 2 
К 
w a t e r ) 
1 2 6 ± 8 . 0 
150± 5.8 
178+12.6 
142± 5.1 
5 5 ± 2 . 3 £ 
51 ± 2 . 7 f 
5 3 ± 2 . 3 f 
1 9 8 ± 8 . 9 f 
2 1 0 ± 9 . 7 
1 7 8 ± 6 . 4 f 
] 5 9 ± 6 . 7 
182 ± 8 . 1 
1 4 7 ± 4 . 0 
Ca 
0 . 5 ± 0 . 1 6 
0 . 2 ± 0 . 0 9 
3 .6 + 0 . 5 6 е 
2 . 3 ± 0 . 3 8 f 
0 . 3 ± 0 . 1 5 
3 . 3 ± 0 . 6 3 
3 .5 + 0 . 6 6 f 
1 . 2 ± 0 . 5 2 
4 . 0 ± 0 . 8 3 
0 . 9 ± 0 . 2 3 
-
2 . 3 ± 0 . 5 1 
Ρ 
(P/B 
0 . 3 2 ± 0 . 0 2 
0 .39 + 0 .05 
0 . 2 4 ± 0 . 0 2 b 
0.31 + 0 . 0 2 
0 . 2 8 ± 0 . 0 1 d 
0 . 2 4 ± 0 . 0 1 
0 . 6 3 ± 0 . 0 3 f 
0.61 ± 0 . 0 4 ^ 
0 . 4 9 ± 0 . 0 2 f 
0.37 + 0 . 0 2 
0 . 4 0 ± 0 . 0 3 
0 . 2 7 + 0 . 0 2 
S 
r a t i o ) 
0 .076 ± 0 . 0 0 7 
0.091 ± 0 . 0 1 2 
0 . ] 4 2 ± 0 . 0 1 6 c 
0.087 ± 0 . 0 0 5 
0 .095 ± 0 . 0 0 6 
0.149 ± 0 . 0 2 0 
0 . 0 7 3 ± 0 . 0 0 6 
0 . 0 6 2 ± 0 . 0 0 7 
0 . 1 2 3 ± 0 . 0 1 4 
0 . 0 6 3 ± 0 . 0 0 5 
0 .085 ± 0 . 0 0 5 
0.107 ± 0 . 0 1 2 
a
»b,csignificantly different from basal cytoplasma, Ρ<0.05 a, 0.01b, 0.001e, Students t-test 
dfe>fSignificantly different from control value, P<0.05 d, 0.01e, 0.001f, Students t-test 
The isolated rabbit pancreas is incubated in normal KRB medium (control, 60 min) or in KRB medium with ouabain (10~5 M, 
60 min) or with dextran (20%, 60 min) or with carbachol (ΙΟ-5 M, 5 min). Values for control and carbachol stimulated 
pancreas are matched and stem from the same pancreas. Means ± SE are given, N - number of determinations (average of 
two animals). 
Fig. 4 Scanning transmission electron microghraphs of control pancreatic 
tissue. Tissue is frozen-dried, OsO^-fixed and embedded in Epon 826 
and sectioned at 0.75 pm. Magnification ЗОООх, bar = 1 ym. 
A . Edge of outer cell layer of the tissue (ca 20 um) is well preserved and 
shows little ice crystal damage. 
η = nucleus, be = basal cytoplasma, ac = apical cytoplasma, zg= zymogen 
granules, id = ice crystal damage. 
B. Acinar structure in inner tissue region, with clearly visible damage by 
ice crystals greater than 1 ym. The nucleus is hardly visible (n) and 
the zymogen granules can no longer be distinguished. 
1 = lumen. 
toplasma is higher than in the apical cytoplasma. The chemical estimation 
of the Na, К and CI concentrations in isolated acinar cells yields values, 
shown in Table I which are close to those obtained by XRMA. 
The S and CI concentrations in the apical cytoplasma appear to be corre­
lated with a correlation coefficient of 0.74 (n=29). This suggests that CI 
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and S are enclosed in the zymogen granules in parallel fashion. 
Treatment of the isolated pancreas with ouabain (10-5 M) for 60 minutes 
results in a drastic increase of the Na content and a nearly equivalent de­
crease of the К content, so that their sum remains virtually constant at ca 
155 mmol/I cell water (Table I). The CI concentration in all three cell com­
partments is increased somewhat. In addition, ouabain increases the basal 
cytoplasmic Ca concentration, and has no effect on the Ρ and S concentra­
tions. 
Dextran (20%, 60 min) significantly increases the CI, К and Ρ concentra­
tions in the whole cell and increases the Ca concentration in the basal cy-
toplasma. Cellular Na is also increased, but not significantly. 
Carbachol ( Ю - 5 M, 5 min), which stimulates protein secretion from the 
acinar cells, increases the basal cytoplasmic Na, CI and Ca concentrations. 
The Ρ and К concentrations are not affected by the carbachol stimulation. 
However, the S and Ca concentrations on the apical cell side are decreased. 
The elemental concentrations in the intercellular spaces or in the lumina 
cannot be assessed, since these spaces are too narrow or they contain suf­
ficient matrix material to prevent diffusion of ions and their precipita­
tion on the cell surfaces. 
10.S DISCUSSION 
In this study, a quantitative determination of the intracellular concentra­
tions of the elements Na, CI, K, Ca, Ρ and S in different parts of the aci­
nar cells of the exocrine pancreas has been carried out by means of elec­
tron probe X-ray microanalysis. The tissue preparation procedure is essen­
tially as introduced by Ingram and Ingram (1975) and involves freeze-drying 
and embedding of the tissue under investigation. The advantage of the meth­
od lies in the ease of the manipulation of plastic embedded tissue, al­
though disadvantates such as morphological changes, elemental redistribu­
tion during tissue embedding and loss of relative X-ray intensity due to 
the introduction of the plastic have been recognized (Ingram and Ingram, 
1975,1984). Generally, various errors may be introduced during the prepara­
tive and analytical phases of X-ray microanalytical procedure. Freezing, 
freeze-drying, embedding and sectioning of the tissue may cause changes in 
the in situ elemental distribution (Morgan, 1980). 
In addition, beam damage of the tissue sections and consequent mass loss, 
as well as contamination and absorption phenomena may result in incorrect 
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peak and background intensities (Roomans, 1980). The latter problem is at 
least partly overcome by the use of standards with a behavior towards the 
electron beam similar to that of the biological specimen (Ingram and 
Ingram, 1975; Roomans, 1980). The accuracy of the results is also impaired 
by the required correction of the background spectrum for extraneous radia­
tion. Moreover, the assumption, inherent in our calculation procedure, of an 
equal shrinkage, mass density and volume fraction of the embedded tissue 
and standards may be invalid, although this would appear unlikely in view 
of the similarity of the tissue and standards (Ingram and Ingram, 1975). 
In this respect, the use of bromine-containing Epon for the estimation of 
the intracellular water fraction and the background contribution of the 
plastic would be advisable (Ingram and Ingram, 1983). 
However, our results obtained by the XRMA technique are in good agree­
ment with those from the chemical determinations of isolated acinar cells. 
This suggests that no large errors are introduced by the above-mentioned 
procedures. 
The low intracellular Na and CI and high К concentrations in the control 
acinar cells, as shown by XRMA, indicate that diffusion of these ions across 
the cell membrane during cryofixation is minimal. The higher K/Na ratio in 
these cells than in the isolated acinar cells further supports this con­
clusion. The large variation in the results for Na and Ca is probably due 
to the low peak intensities for these elements, but it could also be due to 
contamination of the intracellular spaces with extracellular elements due 
to embedding or sectioning. 
The higher Ρ concentration in the basal cytoplasma as compared to the apic­
al cytoplasma probably reflects the high phospholipid and RNA content of the 
rough endoplasmic reticulum, which is mainly located in the basal part of 
the cell. The high S and Ca concentration in the apical cytoplasma is like­
ly to be associated with the secretory zymogen granules. This accumulation 
of S and Ca has been found in other recent XRMA studies of the pancreas 
(Nakagaki et al, 1984; Roomans and Wei, 1984). The high S content may be 
due to presence of sulfated polyanions, which are important for the conden­
sation of the granule material (Reggio and Falade, 1978). Secretory pro­
tein-associated Ca has first been found in secretion studies with the iso­
lated rabbit pancreas (Schreurs et al, 1975). It has been confirmed in XRMA 
studies of rat pancreas (Roomans and Barnard, 1982). The correlation be­
tween the S and CI concentration in the apical cytoplasma may also be rela­
ted to a specific localization of CI at the site of the zymogen granules. 
If we compare our data with results from other XRMA studies or micro-
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electrode studies, it is evident that they fall within the range of these 
results (Table II). The results from ion-selective microelectrode work are 
usually lower, probably because they measure free ion concentrations rath-
er then total concentrations. 
Table II COMPARISON OF VALVES FOR INTRACELLULAR ION CONCENTRATIONS IN A-
CINAR CELLS OF EXOCRINE PANCREAS 
Species Cell region Unit Na CI Ca 
rat cell average mmol/kg wwa 29 33 116 2.4 Müller et al, 1984 
ER/basal 
XRMA 
rat 
dog 
rabbit 
cytoplasma 
cytoplasma mmol/kg ww 
mmol/kg wwa 18 26 117 2.9 Roomans and Wei, 1984 
5 14 132 - Nakagaki et al, 1984 
basal cyto- nnnol/l cell 
plasma H2O 
20 25 150 0.5 This study 
Micro-
electrode 
rat 
nM(activity) - - 93 
mM 11 -
mM 8 69 -
mM 156 
Foulsen and Oakley, 
1979 
n , O'Doherty and Stark, 
U
· 1982 
O'Doherty and Stark, 
1983 
Schneyer and Schneyer, 
1960 
Chemical 
rabbit 
rabbit 
mmol/l cell 
H 2 0 c 
mmol/l cell 
H20 d 
mmol/l cell 
H2O 
38 - 116 
53 54 141 
24 33 126 
Renckens et al, 1981 
Preissler and 
Williams, 1981 
This study 
aury mass fraction * 22% of wet weight (Nakagaki et al, 1984) 
ЬнсОз
-
-free bathing solution used to incubate pancreatic segments 
cProtein mass fraction - 22% of cell H2O 
dProtein mass fraction = 26% of cell H2O 
The effect of ouabain, as determined by the electron microprobe, is in ac­
cordance with the well-documented inhibition of the Na+-pump systems by the 
cardiac glycoside. The intracellular Na concentration increases and the К 
concentration decreases equivalently, resulting in a decrease of the Na +-
and K+-gradients across the cell membrane and thus in membrane depolariza­
tion. 
The CI concentrations in the cytoplasma and nucleus increase, which has 
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previously been observed in rabbit ileum by means of XRMA (Gupta et al, 
1978). The increase of the basal cytoplasmic Ca concentration may be ex­
plained by an effect of the Na-pump inhibiton on cellular Ca transport via 
a Na+ZCa2"·" antiport (Akera and Brody, 1978). A decreased Ca-efflux has been 
observed in chromaffin cells following ouabain administration (Pocock, 
1983b). We have found an extracellular Ca-dependent stimulating effect of 
ouabain on pancreatic enzyme secretion (Chapter VIII), which effect may be 
mediated by an increased cytoplasmic Ca concentration as observed in this 
study. 
The increase of the intracellular Ρ, К and CI concentrations in the stud­
ies with dextran are in accordance with our results reported in Chapter IX, 
which show that the osmotic effect of the membrane-impermeable high mole­
cular weight substance dextran increases the concentration of permeating 
ions in the secreted fluid as well as inside the pancreatic cells. This in­
crease would be accompanied by a loss of cell water. Shrinkage of cells ex­
posed to high dextran concentrations has previously been observed (Barnard, 
1982). A cryoprotective effect of dextran as to suppress ice crystal damage 
and inherent elemental redistribution is not recognized in this study. The 
effect of dextran on the cytoplasmic Ca concentration is unexplained. 
Carbachol appears to increase the Na and CI concentrations in the basal 
part of the cytoplasma, while the К concentration remains unaffected. In ad­
dition, the Ca concentration in the basal cytoplasma tends to be increased, 
whereas the apical Ca and S levels are decreased upon stimulation.Increased 
Na and CI concentrations have also been found in XBMA studies of dog and rat 
pancreas following stimulation by pilocarpine and carbachol (Nakagaki et al, 
1984; Roomans and Wei, 1984; Müller et al, 1984). These authors have also 
reported that the К concentration in the cytoplasma is decreased upon stimu­
lation, but Foulsen and Oakley (1978) using ion-selective microelectrodes 
did not find such a decrease following acetylcholine stimulation of mouse 
pancreas acinar cells. 
In studies using radioactive Na + and CI - isotopes, an immediate increase 
in the uptake of Na+ and CI" has been found upon acetylcholine or carbachol 
stimulation of whole rat pancreas (Bobinsky and Kelly, 1979) and rat pan­
creatic acinar cells (Putney and van de Walle, 1980; Putney et al, 1980). 
O'Doherty and Stark (1982,1983), employing ion-selective microelectrodes, 
have observed an increase in intracellular Na and CI activities during 
acetylcholine stimulation of mouse pancreas segments. In contrast, 
Preissler and Williams (1981) were unable to detect any change in intracel­
lular Na+, K+ or Cl~ concentrations upon carbachol stimulation of mouse pan-
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creatie acini by analyzing an acid extract of the incubated acini. Taken 
together, these findings indicate that stimulation of pancreatic acinar 
cells by cholinergic agents increases the cell membrane permeability of 
Na+, Cl~ and K+, leading to increased influx of Na+ and Cl~ and possibly 
an increased efflux of K+. This conclusion is in accordance with the re-
sults from electrophysiological studies which suggest that the acetylcho-
line induced depolarization of mouse pancreatic acinar cells is accompanied 
by an increased membrane permeability for Na+, CI- and K+ resulting in an 
influx of NaCl and a small efflux of K+ (Iwatsuki and Petersen, 1977). A 
Ca2+-dependent activation of K+ channels (Maruyama et dl, 1983) and non-
selective cation channels (Petersen and Maruyama, 1984) in mouse pancreas 
has recently been found using the patch-clamp technique. The increased mem-
brane permeabilities are paralleled by an increase K.+-efflux upon acetyl-
choline of caerulein stimulation of mouse pancreas through a Na+-K+-Cl~ 
cotransport system (Singh, 1984). 
The increase of the cytoplasmic Ca concentration in the basal part of 
the cell has also been observed in the X-ray microanalytical of dog pan-
creas by Nakagaki et al (1984), and in a study on mouse pancreas with ion-
selective microelectrodes (O'Doherty and Stark, 1982). However, Roomans and 
Wei (1984) found a decrease of the basal cytoplasmic Ca concentration upon 
stimulation of the rat pancreas (7 min) by 10"^ M carbachol. The decrease 
in apical Ca and S levels upon the stimulation, found in this study, proba-
bly represents the exocytosis of zymogen granules, which contain relatively 
large amounts of Ca and S. 
In conclusion, our data indicate that electron probe X-ray microanalysis 
of frozen-dried, plastic-embedded pancreas enables a reliable determina-
tion of the intracellular elemental distribution in acinar cells and the 
ion shifts in this distribution upon various treatments of the cells. The 
information thus obtained for different cell compartments may contribute to 
our understanding of ion transport phenomena in the physiology of a secre-
tory epithelium. 
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GENERAL DISCUSSION AND SUMMARY 
CHAPTER XI 

Chapter XI 
GENERAI OÏSCUSSJON AW SUmAM 
This thesis deals with several aspects of pancreatic fluid and enzyme se-
cretion. Broadly speaking, the study can be divided into three parts. The 
first part is concerned with the mechanisms of HCO3- and Cl~ secretion, and 
with the role of the paracellular transport route in the secretion process. 
The second part is a report on the effects of the diuretic drug amiloride 
and the cardiac glycoside ouabain on enzyme secretion, and was inspired by 
the surprising effects of these drugs found in the course of the first 
part of this study. The third part is an extension of the investigations on 
pancreatic secretion to the intracellular level, and is involved with the 
measurement of the intracellular ion concentrations in the pancreatic aci-
nar cell. 
11.1 Mechanism of anion eeevetion 
We could clearly distinguish between the roles of HCO3" and Cl~ in the 
fluid secretion process of the rabbit pancreas (Chapter II). The strong and 
similar dependence of fluid secretion on HCO3- and Na+, and the passive 
role of CI" in the fluid secretion process lead us to suggest that the 
spontaneous fluid secretion in the rabbit pancreas is based on a secondary 
active transport of HCO3- driven by the Na+-gradient. The fluid secretion 
probably originates in the ductular cells. A separate HCC^'-independent 
fluid secretion process in the acinar cells is unlikely to exist in the rab-
bit pancreas. 
The exact nature of the involved transport mechanisms has been studied 
in Chapter III. Comparison of the results obtained with various inhibitors 
and of these results with the known effects of these drugs in other ion 
transporting cells and tissues, suggests that а С1--НС0з- exchange system 
plays a crucial role in pancreatic fluid secretion, whereas a Na+-H+-ex-
change or a Na+-Cl~-(K+) cotransport are probably not involved. The lack 
of evidence for a Na+-Cl" cotransport system, which has previously been 
postulated to drive acinar fluid secretion (Jansen, 1980; Petersen et al, 
1981; Putney and van de Walle, 1980) is in accordance with the results from 
Chapter II, and the inability of the acetylcholine analogue carbachol to 
stimulate fluid secretion in the rabbit pancreas. 
We have incorporated the findings of Chapters II and III in a model 
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(Fig. 5, Chapter III). It features a Na+-gradient-driven С1--НС0з~ exchange, 
which drives НСОз- secretion and is essentially Na+- and HC03~-dependent. 
However, variations of the model, e.g. а С1--НС0з- exchange on the apical 
membrane combined with a Na+-driven НСОз" transport into the cell would al­
so account for our findings and those in other species (Case et al, 1979). 
11.2 Pavaoellular pathuay 
The second main theme in our fluid secretion studies is the paracellular 
pathway. In the studies of Chapters II and III, we have assumed that the 
cations Na+ and K + are secreted passively via a paracellular route. This 
aspect of pancreatic secretion has been extensively studied in the rabbit 
pancreas. One of the most prominent findings has been the increase in the 
paracellular permeation of Ca 2 +, Mg 2 +
>
 sucrose and inulin upon stimulation 
with the enzyme secretion agonists carbachol or pancreozymin (Schreurs et al, 
1975; Jansen et al, 1979). 
We have attempted to elucidate the localization, the receptor mediation 
and the involvement of the paracellular permeability in fluid secretion. 
In Chapter IV the location of the paracellular route has been studied by 
means of a histochemical method. Evidence has been obtained that the route 
is located in the tight junctions, and that in the resting condition the 
junctions between the ductular cells are more permeable than those between 
the acinar cells. However, the latter junctions appear to be opened upon 
stimulation of the enzyme secretion. 
Some questions remain unanswered: the relative contribution of the acinar 
and ductular tight junctional pathway to the permeability of the whole 
gland, and the contribution of the resting and the stimulated paracellular 
permeability pathway to the secretion of the smaller cations Na+ and K+. 
Freeze fracture studies indicate that the acinar part of the pancreatic 
epithelium is a tight epithelium, if we may assume that the strand number 
is strictly related to the permeability of an epithelial tissue (Claude, 
1978). However, this relationship has previously been challenged by Martinez-
Palomo and Erlij (1975). 
Furthermore, the contribution of a transcellular transport route is dif­
ficult to quantitate. Our histochemical observations agree with our bio­
chemical results, which indicate that paracellular transport is important. 
Although studies in rabbit jejunum (Heyman et al, 1982) and pancreas 
(Mélèse and Rothman, 1983)suggest that it is mainly the transcellular route 
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which contributes to transepithelial secretion or absorption, observations 
in the salivary glands of rat and rabbit appear to parallel and support our 
conclusions(Parsons et al, 1977; Mazariegos et at, 1984). 
The physiological role of the stimulated paracellular permeability for 
larger molecules also remains unclear. It may be associated with the in­
creased enzyme secretion upon stimulation, and may provide a route for 
large interstitial fluid constituents to reach the apical side of the aci­
nar or ductular cells. 
The results obtained in Chapter V indicate that there exists a subpopu­
lation of pancreozymin receptors, which is specifically associatedwith the 
paracellular permeability response and is activated at relatively high 
concentrations of agonist. Since we do not know the function of the para­
cellular permeability increase, this result is difficult to interpret. It 
may, however, play some regulatory role in pancreatic secretion. 
We have also shown that the permeability of the secretory cations may con­
stitute a limiting factor in fluid secretion (Chapter VI). Combination of 
the results from Chapter VI and III leads to the conclusion that at least the 
stimulated secretion of choline and Li* occurs through the junctions of 
adjacent acinar cells. 
The ratio of the Na+ and K+ concentrations between secreted fluid and 
bathing medium are virtually equal in all experiments. This has previously 
been noticed in Na+-replacement experiments (Case et at, 1968; Bonting et 
al, 1980a) and suggest that the permeabilities for Na+ and K + are equal. 
Nevertheless, this does not imply that Na+ and K + actually follow the same 
secretory route. К might move, at least partly, through K+-selective chan­
nels in the basal and apical membranes, whereas the permeation route for 
Na+ would be the Na+-permeable tight junctional route. The mucosa-negative 
transepithelial potential, needed to compensate for the concentration dif­
ferences between secreted fluid and medium (assuming equilibrium), would 
increase more in the case of replacement of Na + by the large solutes choline 
or sucrose than by the small cations Li+ or K+. 
However, if Cl~ is assumed to be passively distributed across the epi­
thelium, then we would conclude from the behaviour of the CI - concentra­
tion in the secreted fluid that the potential should fall to zero upon re­
placement of Na+ or HCO3- (Chapter II). This apparent contradiction sug­
gests that CI - is not secreted by simply passive diffusion, but rather by 
a neutral exchange with HCO3-. 
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Judging from the decrease of the K+ concentrations in the secreted fluid, 
stimulation is always accompanied by a depolarization, which would reflect 
an increased cation permeability. Direct determinations of the transepi-
thelial potential at the secretion site and of the cell membrane permeabi-
lities will be required in order to resolve the roles of the various ions 
and ion transport routes in the fluid secretion process. 
11.3 Receptors and intracellular aspects of secretion 
The anticholinergic action of amiloride in rabbit pancreatic acinar cells 
with regard to enzyme secretion (Chapter VII) suggests that the specificity 
of a drug appears to decay with the time it has been used in the laborato-
ry. In the rabbit pancreas, 2,4,6-triaminopyrimidine (TAP) may also exert 
a cholinergic blockade (Jansen et al, 1980a). In agreement with these 
findings is the observation of Balaban et al (1979) that there exists a 
cross-reactivity of amiloride and TAP for the cellular and tight junction-
al cation permeation pathways. 
The stimulating effect of ouabain on enzyme secretion (Chapter VIII) sug-
gests that this drug acts on the amylase release from acinar cells indi-
rectly via the depolarization of other cells which release endogenous trans-
mitter substance. The effect might be related to changes in the cAMP meta-
bolism of the acinar cell. This means that inhibition of some active cel-
lular function, viz the Na+-K+-ATPase system in one cell type, may affect 
the basal secretory activity of another cell type, viz the acinar cell. 
The intracellular ion concentrations of normal and experimentally treat-
ed acinar cells have been studied by means of electron probe X-ray micro-
analysis (Chapter X). The intracellular distribution of P, S and Ca is in ac-
cordance with the known location and composition of the acinar cell organ-
elles. Ouabain changes the intracellular ion composition so as to decrease 
the Na+ and K+ gradients between cell and medium, and dextran appears to 
extract water from the cells, which is in accordance with the osmotically 
induced inhibitory effect of this substance on the fluid secretion process 
(Chapter IX). 
Upon carbachol stimulation, the acinar cells gain Na+ and CI-. This has 
also been found in mouse (O'Doherty and Stark, 1983), dog (Nakagaki et al, 
1984) and rat (Roomans and Wei, 1984). Since we do not find a Cl~-rich 
fluid secretion by the acinar cells of the rabbit pancreas, this casts some 
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doubt on the role of this cellular NaCl uptake in the acinar fluid secre-
tion process. 
The many facets of this study reflect the complexity of pancreatic secre-
tion. It emphasizes that the integration of the results obtained in isola-
ted cells or acini and those obtained in the whole organ is both complex 
and challenging. 
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SAMENVATTING 
De pancreas secreteert een bicarbonaatrijk sap dat water, zouten en spijs-
verteringsenzymen bevat. Het doel van dit onderzoek was om meer inzicht te 
krijgen in de verschillende cellulaire en paracellulaire ionentransportme-
chanismen die aan de pancreassecretie ten grondslag liggen. Het onderzoek 
kan grofweg verdeeld worden in drie delen. 
Het eerste deel gaat over het mechanisme van de bicarbonaat en de chlo-
ride secretie, en over de rol van de paracellulaire weg in het vloeifstof-
secretieproces. Het tweede deel over de verrassende effecten van amiloride 
en oubaïne op de enzymsecretie. Het derde deel is een onderzoek naar de 
intracellulaire ionsamenstelling van de acineuze pancreascel met behulp 
van analytische electronenmicroscopie. 
In de experimenten van Hoofdstuk II t/m X hebben we gewerkt met de geïso-
leerde konijnepancreas. Dit orgaan secreteert in vitro zonder dat we sti-
muleren met bijvoorbeeld een hormoon. 
In Hoofdstuk VII en VIII hebben we bovendien gewerkt met pancreasfrag-
menten en geïsoleerde acini, omdat hiermee het enzymsecretieproces effi-
ciënter onderzocht kan worden. 
In Hoofdstuk II is de secretie van НСОз" en Cl - bestudeerd. Uit de resul­
taten van deze studie hebben we geconcludeerd dat het vloeistof-secretie­
proces in de konijnepancreas gebaseerd is op een Na -gradient-afhankfelijk 
НСОз" transport, dat waarschijnlijk gelocaliseerd is in de ductulaire 
cellen. Een apart Cl~-secretieproces ín de acineuze pancreascel speelt bij 
het konijn waarschijnlijk geen belangrijke rol. 
Door een aantal drugs toe te passen met een min of meer specifieke rem-
mende werking op verschillende ionen-transportmechanismen, konden we in 
Hoofdstuk III aantonen, dat een anion-uitwisselingsmechanisme- dat gedre-
ven wordt door de Na+-gradient - ten grondslag ligt aan de vloeistofsecre-
tie. 
Uit eerder onderzoek wisten we al dat de kationen Na+ en K+, en voor een 
deel ook de divalente kationen Ca2+ en Mg2+ , en zelfs grotere moleculen 
- zoals sucrose en mannitol - gesecreteerd worden via een passief mechanis-
me,dat waarschijnlijk geen cellulaire, maar een paracellulaire transport-
component vertegenwoordigt. De concentratie van de paracellulair getrans-
porteerde moleculen in het secreet stijgt bij stimulering van de enzymsecre-
tie door acetylcholine of pancreozymine, of door analoga van deze verbin-
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dingen. 
In Hoofdstuk IV hebben we met het histochemisch aantoonbare eiwit mie-
rikswortelperoxidase onderzocht via welke weg de grotere moleculen vanuit 
de interstitiële vloeistof in het secreet terecht kunnen komen. Hieruit 
bleek dat in de verbindingen tussen de cellen de Zonulae Oeelvdenbes, of-
wel de "tight junctions" de doorgang van het peroxidase kunnen blokkeren. 
Onder ongestimuleerde condities ziin de junctions tussen aangrenzende aci-
neuze cellen veel minder vaak permeabel dan die tussen de centroacineuze 
of ductulaire cellen. Wanneer we echter stimuleren met carbachol, vinden 
we een verhoging van de peroxidase-concentratie in het secreet en een ver-
hoging van het aantal permeabele tight junctions tussen acineuze cellen. 
In Hoofdstuk V vinden we dat dibutyryl cyclisch GMP - een specif ieke pan-
creozymine receptor antagonist - bij relatief lage concentraties de verho-
ging van de door pancreozymine gestimuleerde paracellulaire sucrose-perme-
abiliteit remt, zonder de enzymsecretie te beïnvloeden. Uit deze bevinding 
en uit het feit dat deze permeabiliteitsverhoging pas bij relatief hoge 
pancreozymine-concentraties optreedt, hebben we geconcludeerd dat er ver-
schillende pancreozymine-receptorpopulaties bestaan, waarvan er een in 
het bijzonder betrokken is bij de paracellulaire permeabiliteitsverande-
ring. 
Wanneer we nu Na+ in het badmedium van de geïsoleerde pancreas vervangen 
door Li+ of choline, daalt de vloeistofsecretie. Enerzijds is dit het ge-
volg van de verlaging van de Na+-concentratie en de inefficiëntie van de 
substituerende kationen om Na+ in het Na+-afhankelijke HC03--secretiepro-
ces te vervangen, anderzijds is het een gevolg van het feit dat de para-
cellulaire weg in het pancreasepitheel voor deze grotere kationen minder 
permeabel is dan voor Na+. 
Wanneer we in deze Na+-vervangingsexperimenten de pancreas stimuleren 
met agonisten van de enzymsecretie, zien we dat de vloeistofsecretiesnel-
heid stijgt; in normaal medium treedt deze stijging niet op (Hoofdstuk VI). 
Bovendien stijgt de secreetconcentratie van het vervangende kationen daalt 
die van Na+ en K+. We hebben hieruit geconcludeerd dat de permeabiliteit 
van de paracellulaire route mede bepalend is voor de secretiesnelheid en 
dat de transepitheliale potentiaal gerelateerd is aan de kation-permeabi-
liteit van de paracellulaire route. Onder normale omstandigheden zou de 
anionsecretie de beperkende factor vormen voor de vloeistofsecretiesnel-
heid. 
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Amiloride is bekend als remmer van de Na+ influx in tight epithelia en als 
remmer van de Na+-H+-uitwisseling in verschillende weefsels. Uit de resul-
taten van Hoofdstuk III bleek al dat amiloride geen effect heeft op de 
vloeistofsecretie van de geïsoleerde pancreas. Een Na+-H+-uitwisseling 
speelt dus in dit proces waarschijnlijk geen rol. 
In Hoofdstuk VII tonen we aan dat amiloride als verrassende bijwerking 
heeft dat het in de pancreas als cholinerge receptor antagonist fungeert. 
In Hoofdstuk II en III hebben we ook gewerkt met de hartglycoside ouabaïne. 
In dit onderzoek vonden we dat deze remmer van het Na+-K+-ATPase de enzym-
secretie kan stimuleren in de intacte pancreas, maar niet in geïsoleerde 
acini (Hoofdstuk VIII). Deze stimulering hebben we vergeleken met de ef-
fecten van hoog-K+ medium, en die van forskoline - een activator van het 
adenylaat cyclase op de enzymsecretie. 
Onze conclusie is dat het effect van ouabaïne op de ionengradiënten in an-
dere dan de pancreascellen zelf, depolarisatie en daardoor vrijmaking van 
stimulerende hormonale of neuronale agentia teweegbrengt. Bij de resulte-
rende stimulering van de enzymsecreterende pancreascel is cyclisch AMP op 
een of andere manier betrokken. 
Hoofdstuk IX en X gaan over de toepassing van de röntgenmicroanalyse in 
het electronenmicroscoop ter bepaling van de intracellulaire ion-concentra-
ties in de pancreas. 
Dextran, een glucose polymeer, dat vaak in hoge concentraties als cryo-
protectant wordt gebruikt bij de preparatie van weefsel voor de röntgenmi-
croanalyse, blijkt in deze concentraties de vloeistofsecretie van de geï-
soleerde pancreas sterk te remmen (Hoofdstuk IX). Dit gebeurt waarschijn-
lijk door zijn osmotische werking. 
Bepaling van de ionenconcentraties in drie celcompartimenten van de a-
cineuze pancreascel in gevriesdroogde en in plastic ingebedde pancreaspre-
paraten levert waarden op die vergelijkbaar zijn met de gegevens uit de li-
teratuur (Hoofdstuk X). De verlaging van de intracellulaire K+-concentratie 
en de verhoging van de Na+-concentratie in de acineuze cel onder invloed 
van ouabaïne kan duidelijk waargenomen worden. 
Dextran verhoogt alle intracellulaire elementconcentraties, hetgeen 
duidt op een osmotisch krimpen van de cellen. Carbacholstimulering geeft 
een verhoging van de intracellulaire Cl--en Na+-concentratie. Dit is in 
overeenstemming met de electrofysiologisch gevonden verhoging van de NaCl-
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permeabiliteit van de acineuze celmembraan onder invloed van deze stimulus. 
Helaas konden de concentraties in de ductulaire cel niet bepaald worden, 
omdat deze soort cellen relatief zeer weinig voorkomen in het pancreasweef-
sel. 
Onderzoek aan geïsoleerde ductfragmenten of ductulaire cellen met biochemi-
sche technieken en analytische electronenmicroscopie zou meer informatie 
kunnen opleveren over de mechanismen die belangrijk zijn voor het vloei-
stoftransport in de ductulaire cel. 
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